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1. INTRODUCTION

Nanostructured materials, defined as having at least one dimension in the
nanometric range (between 1 and 100 nm), enjoyed an increased interest in the
community science due to its special and outstanding properties and its various
applications as against to bulk material [1-2].

Many potential applications may appear by simply miniaturizing the existing
microstructures at a size of 1-100 nm.

Interest in nanostructured materials has increased both in scientific and
commercial terms, as they have significant potential in high performance applications.
The ceramic industry is no exception, so as to improve the chemical and physical
properties of products, the industry increased the demand for nanostructured ceramic
materials. Nanoceramics consists of ceramic nanoparticles, generally classified as
inorganic solids made of metallic and non-metallic compounds, resistant to high
temperatures [3].

The most studied multifunctional material is zinc oxide. This is a n-type
semiconductor with wide energy band gap (3.37 eV), large exciton binding energy (60
meV) and high thermal and mechanical stability (at room temperature). It also has low
toxicity, biocompatibility and biodegradability, making it attractive for a variety of
applications in electronics, optoelectronics, sensors and biomedicine [4-12].

Zinc oxide can easily be obtained in various nanostructured forms, both 1D, 2D
and 3D. Thus, the variety of ZnO synthesis methods, such as vapor phase deposition,
precipitation, hydrothermal synthesis, sol-gel process, mechanochemical processes, make
it possible to produce particles of different sizes, shapes and spatial structures.

It is well known that by introducing a selective element into ZnO lattice the
properties of the semiconductor such as band gap or electrical conductivity can be
controlled, and in the case of electronic applications the carrier concentration can be
increased [13]. Therefore, by tuning its properties ZnO can have novel functionalities,
and it can be a promising candidate for diluted magnetic semiconductors (DMS) in which
one of the transition metal (TM) ions (e.g. Mn**, Co*, Ni**, and Fe®") substitutes a

fraction of the original atoms from the ZnO host lattice [14].



Taking into consideration the presented considerations, the main objective of this
PhD thesis is the study of ZnO 1D and 2D nanostructures with possible applications as
sensors, transparent oxide conductors, catalysts or harvesting devices. Also, the
correlation of the composition and the method of preparation with the structure,
morphology and properties of the obtained nanostructures was investigated.

Thus, the first objective was represented by the synthesis and characterization of
ZnO and Mn doped ZnO films and powders obtained by sol-gel method and
hydrothermal method.

The second objective was the study of films and powders from the ZnO-SnO,
binary system obtained by sol-gel method. In this case, in addition to ZnO pure and SnO,
doped ZnO films, also SnO, pure and ZnO doped films were prepared. In addition, a
study has been approached to obtain compositions corresponding to the binary
compounds mentioned in the literature for this system, namely Zn ortostanate and Zn
metastanate.

The thesis is structured in 4 Chapters, as follows:

- Chapter 1 contains general information about nanostructures. The features of
0D, 1D, 2D and 3D type nanostructures are presented.

- Chapter 2 is divided into 3 subchapters. In the first subchapter zinc oxide
generalities are presented. The second subchapter presents the main synthesis methods,
and in the third subchapter the methods of characterization of the oxidic nanomaterials
are presented.

- Chapter 3 contains the most important results obtained in the thesis and is
divided into two subchapters: Mn doped ZnO films and powders and ZnO-SnO; films
and powders.

- Chapter 4 summarizes the general conclusions.

2. ORIGINAL CONTRIBUTIONS
2.1.  ZnO AND Mn DOPED ZnO FILMS AND POWDERS
The properties of zinc oxide can be improved by doping it with donor ions,
depending on the desired properties and applications. The dopant added to the ZnO

nanostructure influences the band gap, as well as the electrical and optical properties of



the oxide [15-18]. Mn doping is very promising, since Mn has the largest number of
unbound electrons, and therefore the highest magnetic moment possible [16] and the first
half of the “d” band is occupied, which creates a stable, fully polarized state [ 19]. As a
consequence of similar ionic radii of Zn** (0.074 nm) and Mn?* (0.080 nm), manganese
ion can easily be incorporated into the ZnO network without altering its original structure
[20]. Mn?* doped ZnO can be prepared by various methods, but most synthesis
techniques requires expensive equipment and high temperatures, while the sol-gel
method is a simple, low-cost approach in which the composition and homogeneity of

films can be easily controlled.

2.1.1. ZnO and Mn doped ZnO films obtained by sol-gel method [21]

The present chapter focuses on the synthesis by sol-gel method and complex
characterization of Mn doped ZnO thin films, for several possible applications. Different
dopant concentrations were used, namely: 1%, 2%, and 5% Mn. The prepared solutions
were deposited on silicon substrates (Si / SiOx / TiO, / Pt) and glass. The technological
flow of the films is shown in Figure 1.

The solution was deposited by dip coating (withdrawal speed of 50 mm/min,
stationary time in solution 1 minute). To obtain the desired thickness 1-10 layers were
deposited. An intermediary thermal treatment of 500°C/5 min was applied after each
deposited layer and one final treatment at 500°C/1h.

Zinc acetate Mn acetate ~

dehydrate

<o / \
Combine the
solutions

|

Mixing and
stirring at 50 °C
2h

2% Mn doped ZnO ‘

Ll% Mn doped ZnO J 5% Mn doped ZnO

Figure 1. The technological flow of the Mn doped ZnO films
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Mn doped ZnO films are continuous, homogeneous, without defects (such as
cracks or peeling) and have a nanometer-sized granular morphology with low surface
roughness (3-4 nm). The films are polycrystalline, made up of a single layer of echiaxed
nanoparticles with diameters of approximately 50 nm (Figure 2).

5, . Zn

Zn

Figure 2: SEM images and EDX spectrum of doped ZnO films prepared by SG after 10
depositions: Mn(1%)(a-c); Mn(2%) (d-f); Mn(5%)(g-i)
EDX analysis detected the dopant presence even for the sample with the smallest
Mn (1%), and XRF confirms that the amount of Mn found in the film is in agreement
with the amount introduced in synthesis.
The XRD diffractograms (Figure 3) evidence the presence of zincite phase, ZnQO,
according to ICDD file no. 00-036-1451. Zincite has wurtzite structure, with hexagonal

close packing, belonging to hexagonal crystal system, and P63mc (186) space group. No
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manganese based compounds were detected within the detection limits of the instrument.
This observation suggests that the films are single phase ZnO, with manganese ions
incorporated in the zincite structure, as dopants, without changing the hexagonal wurtzite

structure.
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Figure 3. XRD diffractograms of ZnO and Mn doped ZnO films

The refractive index increases with the Mn content, proving a film densification

with dopant insertion and a very slow decrease of the band gap (Figure 4).
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Figure 4. Effect of dopant amount on the refractive index for ZnO films



2.1.2. ZnO and Mn doped ZnO gels and powders obtained by sol-gel method [22]

ZnO and ZnO gels doped with Mn?* (1, 2, 5 at%) resulted from the gelling of the

solutions obtained in the preparation of the films, and the powders were obtained by

thermal treatment of the gels.

In the case of Mn?* doped ZnO samples there is a similar thermal behavior for all

the studied compositions, presenting two main effects: the endothermic effect from about

300°C attributed to the decomposition of Mn hydroxyacetate, and the exothermic effect

from above 420°C which is attributed to the oxidation of the organic residues as well as

to the crystallization of Mn®* doped ZnO (Figure 5).
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Figure 5. TG/ DTA of the Mn®* doped ZnO: a) 1% Mn, b) 2% Mn, c) 5% Mn
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Based on the results obtained by thermal analysis, the samples were thermally

treated at 500 °C for one hour, with a heating rate of 5°C/min, in order to obtain

Mn* doped ZnO nanopowders with desired structure and properties.



XRD analysis (Figure 6) showed that all samples had hexagonal wurtzite
structure, and the increase in the lattice parameters in Mn?* doped ZnO samples indicated
that Mn®" ions substituted Zn®" ions. A decrease of crystallite size with Mn®" addition
was highlighted by both X-ray diffraction and scanning electron microscopy. This is due
to the decrease of diffusion rate of Mn?* in ZnO.

12000
8000 -|
4000 4

ZnOMn5%-500 °c

8000 - ZnOMn2%-500 °c
4000 |
. U W O

Intensity (cps)

12000 ] o1o6-500 %
2000 ] M ZnOMn1%-500

2 Theta (deg.)
Figure 6. XRD patterns of the ZnO and Mn** doped ZnO powders
The morphology of the samples depends on Mn?* concentrations, and consists in
nanorods with hexagonal cross section, varying their length from 30 to 300 nm (Figure
7).

Figure 7. SEM/ EDX images of the Mn?* doped ZnO samples
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FT-IR spectra (Figure 8) of the powders showed a band at 421 cm™ which is not
present in the ZnO spectrum and can be attributed to the Mn-O-Zn bond. Its intensity
decreases from ZnO+5%Mn to ZnO+2%Mn and can be correlated with the crystallinity
of the samples. In addition, both Raman and EDX spectroscopy confirmed the

incorporation of Mn ?* into the ZnO lattice.
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Figure 8. FT-IR spectra of the ZnO and Mn®* doped ZnO powders

2.1.3. ZnO and Mn doped ZnO films obtained by hydrothermal method [21]

The hydrothermal process has several advantages over other growth processes,
such as: it is environmentally friendly and less dangerous, simple equipment can be used,
large uniform surfaces can be obtained, the method requires no catalysts and has a low
cost. This method is attractive for microelectronics because of its reduced temperature
reaction [23]. Particle properties, such as morphology and size, can be controlled by
hydrothermal process by adjusting the reaction temperature, time and concentration of the
precursors.

Zinc aqueous solutions exhibit very low adhesion to the Pt/TiO,/SiO,/Si support,
especially to the Pt (interest) layer in the hydrothermal bath. In order to obtain zinc oxide
nanostructures in the hydrothermal bath, two steps are required. In a first step, a
nucleation layer (seed layer) adhering to the Pt surface of the support is deposited by the

sol-gel method. The second step consisted in the hydrothermal deposition of the
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ZnOsc/Pt/TIO,/SIO,/Si plates (in which ZnOsg is the sol-gel seed layer) by transferring
them into the teflon cells of the steel autoclave together with the hydrothermal solution.

Mn doped ZnO films obtained by hydrothermal method have a homogeneous
morphology, and consists of uniform 1D nanoparticles having a diameter of about 30 nm
and lengths of 200-300 nm, being thicker (by an order of magnitude) than those obtained
by sol-gel method (Figure 9).
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Figure 9. SEM images of Mn doped ZnO (a, b, d, e) and nanorods (c, f) and EDX spectra
for: (g) Mn(1%) ; (h) Mn(2%); (i) Mn(5%).

EDX analysis detected the presence of dopant in films, and XRF confirms that the
amount of Mn found in the films is in good agreement with the amount introduced in the

reaction mixture.

12



The thin films prepared by hydrothermal method (Figure 10) present a stronger
tendency for the crystallites to be oriented along (002) plane (c-axis), but less oriented for
5 at% Mn doped ZnO sample, which is associated with the lattice disorder and strain
induced in the ZnO lattice by the substitution of Zn?* ions to larger ionic radius of Mn

ions [24].
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Figure 10. XRD diffractograms of Mn doped ZnO films

2.1.4. Mn doped ZnO powders obtained by hydrothermal method

Hydrothermal powders were obtained by filtering the solutions used to obtain thin
films, and drying the resulting precipitate at 100 °C/12 h. These were characterized by
FTIR spectroscopy, X-ray diffraction, scanning electron microscopy and thermal
analysis.

The powders showed an advanced degree of crystallinity according to X-ray
diffraction (Figure 11) and the TG/DTA curves (Figure 12) revealed the thermal behavior
of the samples, exhibiting only one endothermic effect, which is attributed to the

decomposition of the hydroxyzincite, the secondary phase present alongside the majority

component, zincite.
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2.1.5. Mn doped ZnO films application [21]
The piezoelectric properties of ZnO can be improved by doping with Mn ions. For
the films obtained by the sol-gel method and by the hydrothermal method, preliminary

tests were performed to highlight the presence of this property.
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In Figure 13 it can be observed that the largest piezoelectric effect was obtained
for the hydrothermal films, especially for the 2 at%Mn doped sample. Most probably, the

largest values of ds3 obtained for the samples prepared by HT, could be related to the

3+/4+

presence of Mn inside the ZnO matrix, which is essential for the obtaining of a

2* (from the reagent used) to

significant piezoelectric effect [25]. Oxidation of Mn
Mn®"** from the aqueous solution used in the HT preparation method it’s also mentioned

in the literature [26].
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Figure 13. ds3 parameter, measured on the Mn"™ doped films

2.2. FILMS AND POWDERS IN THE ZnO-SnO; SYSTEM

Studies on obtaining the binary SnO,-ZnO oxide materials are of interest because
SnO, improves the properties of ZnO resulting in materials with excellent optical
properties and high performance in detecting gases [27-30].

SnO;, is a n-type direct wide-band semiconductor, and is transparent in the visible
light region [31].

Used as transistor it has high thermal conductivity, excellent mechanical
properties and a simple microstructure [32]. It is used as a gas sensor because of its high
sensitivity, fast response and stability of parameters [33].

2.2.1. ZnO-SnO; films [34]
In this chapter ZnO-SnO; thin films were obtained and can be used for developing

a gas sensor with selectivity for CO even in small quantities (5 ppm). For this purpose,
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the detection layer was deposited by dip-coating method using solutions obtained by sol-
gel method.

All samples had an amorphous structure (Figure 14), and the film's sensitive layer
showed high transparency. The sample S2 (containing 2% SnO, and 98% ZnO) had a
very high porosity, facilitating the absorption of gas on the surface, thus improving the
sensory properties of the studied material.

The obtained sensors were tested by exposure to various gases: CsHg, CH4, CO,
and CO. Sensor S2 exhibited the highest CO response of up to 5 times greater than that of
pure ZnO, having in the same time good selectivity. While sensor S4 (containing 2%
Zn0O and 98% SnO;) showed a high humidity response at room temperature.

The response time of sensor S2 was 120 seconds, and its full recovery was
achieved in a maximum of 280 seconds. One year after the sensitive layer was deposited
(October 2015 - Oct 2016), it was found that the S2 sensor still gives responses, even at
low CO concentrations (5 ppm), at a working temperature of 300 °C. Although the
working temperature has increased from 210 to 300°C, the film has shown stability over
time.

Since the results are reproducible, the preparation method can be proposed for use

on a large scale (Figure 15).

16



Figure 14. SEM images of S1-S5 samples
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Figure 15. Reproductibility of the samples

2.2.2. ZnO-SnO, powders [35]

The solutions used for the preparation of films in the ZnO-SnO, system were
stored at room temperature in air and left for gelling. The gels were thermally,
morphologically and structurally studied in order to determine the optimal conditions of
thermal treatment and phase formation in the binary system. Thus, gels and powders of
tin oxide, zinc oxide and binary samples with a Sn: Zn = 1: 1 molar ratio, and Sn: Zn = 1:
2 were obtained.

XRD and FTIR analyzes (Figure 16 and Figure 17) showed that the prepared
samples were amorphous. The XRD pattern of pure ZnO dried at 100 °C reveals the
presence of ZnO mixed with anhydrous zinc acetate and hydroxyzincite. With the help of
these investigations, the rutile structure for SnO, and the wurtzite type for ZnO was
established.

The thermal behavior of the gels was investigated using the TG/DTA-MS method
in air atmosphere and in nitrogen. Only endothermic effects occurs in the air at
temperatures up to 300 °C. In the temperature range 300-500 °C, the exothermic effects
due to the oxidation of the organic part and the crystallization of the oxidic compounds
were observed. In the case of nitrogen atmosphere only endothermic effects occur (Figure
18).
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Figure 16. FTIR spectra of dried gels at 100°C
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The morphologic characterization of the iso-thermally treated samples at 500 °C
performed by SEM is presented in Figure 19. Each sample possesses a different
morphology due to their different composition. While SnO, grains are relatively large the

ZnO sample presents smaller grains and the morphology appears clearly more compact,
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with less interparticle voids. The sample with Sn:Zn = 1:1 molar ratio presents a
combination of smaller grains (ZnO) and bigger grains (Sn0O,), as for Sn:Zn = 1:2 molar

ratio the morphology revealed that the coalescence of the grains led to the formation of

an “almond-like” grain shape.

In the binary SnO,-ZnO samples for both studied compositions the zinc
ortostannate Zn,SnO,4 was identified, beside different amount of SnO,. The formation of
zinc metastannate ZnSnO3 was not identified, showing that the used synthesis method
probably does not fulfill the conditions for its preparation.
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2.2.3. Photocatalytic tests of ZnO powders [36]
Photocatalytic tests of ZnO in the degradation of Rhodamine B had similar

values to those of TiO,, being promising for its use as a photocatalyst (Figure 20).
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Figure 20. Photocatalytic activity of: (a) TiO, and (b) ZnO

3. CONCLUSIONS

In this thesis, researches regarding the obtaining of nanostructures (films and
powders) were made in ZnO based systems, using the sol-gel method and the
hydrothermal method.

The first objective was to obtain ZnO and Mn doped ZnO films and
nanopowders followed by morphological and structural characterization of the samples.

ZnO pure and Mn doped films obtained by the sol-gel method have a
homogeneous and continuous morphology, and EDX analysis detected the dopant even
for the smallest Mn content sample.

ZnO and Mn doped ZnO gels resulted from the gelling of solutions used for the
film preparation. Based on the TG/DTA results, the gels were thermally treated at 500 °C
for one hour, in order to obtain nanopowders with desired structure and properties.

In the case of powders, the incorporation of Mn #* into ZnO lattice on the Zn **
position was confirmed by Raman spectroscopy, X-ray diffraction and EDX; and
scanning electron microscopy. X-ray diffraction revealed the decrease of the grain size

with the increase of Mn?* concentration due to the decrease of diffusion rate in ZnO.
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Mn doped ZnO films obtained by hydrothermal method also have a homogeneous
morphology, these being thicker in size than those obtained by the sol-gel method. On
both type of films, preliminary tests were performed to determine the piezoelectric
properties. Due to the higher thickness and due to the fact that Mn?* can be oxidized to
Mn 4" in aqueous solution, hydrothermal films have a higher piezoelectric response
than those synthesized by sol-gel.

The second objective was the study of films and nanopowders from the ZnO-
SnO; binary system obtained by sol-gel method. In this case, in addition to pure ZnO and
SnO; (2%) doped ZnO films, also pure SnO, and ZnO (2%) doped SnO, films were
prepared. In addition, compositions corresponding to the binary compounds mentioned in
the literature for this system, namely Zn ortostanate and Zn metastanate were prepared
and investigated.

Tin oxide, zinc oxide and binary samples with Sn:Zn = 1: 1 and Sn:Zn = 1: 2
molar ratio possess a different morphology because of their different composition.

The thermal behavior of the gels was investigated using the TG/DTA-MS method
in air atmosphere and in nitrogen.

From the XRD analysis, it was observed that they are amorphous at 100 °C,
except for the precursor powder of ZnO. In both binary samples the Zn,SnO, zinc
orthostanate formation was identified while the presence of ZnSnO3z was not observed in
the corresponding sample, probably due to the fact that the conditions for its preparation
were not met.

The bicomponent films of ZnO-SnO, had an amorphous structure with a granular
morphology of nanometric dimensions (31.3 nm).

All synthesized composites have been tested as gas and humidity sensors. The S2
sample (2% SnO; and 98% ZnO) showed the highest CO response, up to 5 times higher
than pure ZnO. This sensor is also exhibiting the highest porosity. For sensor S4
(containing 2% ZnO and 98% SnO,) a high humidity response at room temperature was
obtained.

The obtained results in the thesis were the subject of 6 published papers
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