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Abstract 

Over the last decade the demand for low cost materials/methods increased signif icantly. Due 

to its high electrical conductivity, high mobility and absence of  critical raw materials, zinc-tin oxide 

(ZTO) appears as an ideal candidate for several applications, such as electronics, energy, 

sensors and photocatalysis. 

ZTO nanowires have been fabricated essentially by vapor-phase methods, however these 

methods are expensive and require high temperatures (>700 °C). In contrast, hydrothermal 

processing was explored in this work to synthesize ZTO nanowires, aiming at a maximum 

temperature of  200 °C. The synthesis was extensively studied regarding its chemical and physical 

parameters, aiming to achieve a well-controlled and reproducible process to achieve 

nanostructures with specif ic properties. A seed-layer f ree and one-step hydrothermal method at 

200 °C was then optimized to produce ZnSnO3 nanowires and Zn2SnO4 nanoparticles and 

octahedrons.  

Although very challenging, due to the lower dimension of  the nanowires, the resistivity of  a 

single ZnSnO3 nanowire was measured using a nanoprobe inside a scanning electron 

microscope.  

Due to the excellent piezoelectric properties of  ZnSnO3, robust energy harvesters of  a micro-

structured composite of  ZnSnO3 nanowires and PDMS f ilm were fabricated, resulting in a great 

performance regarding output voltage, current and instantaneous power density (>200 µW·cm-2).  

Memristors were also fabricated using the ZnSnO3 nanowires, showing an excellent on/off  

ratio (>107) and a retention time higher than 4×104 s. 

The photocatalytic behavior of  different ZTO nanostructures was studied under both UV and 

visible light for methylene blue and rhodamine B, allowing for complete degradation of  both dyes 

in 90 min.  

pH sensors were also fabricated using ZTO nanostructures as sensitive layer, revealing a 

sensitivity very close to the theoretical limit (-58.6 mV/pH). 

These dif ferent applications highlight the multifunctionality of  Zn:Sn:O nanostructures, 

demonstrating the potential of   its low-cost synthesis for integration on environmentally f riendly 

and self -sustainable smart surfaces. 

 

Keywords: Zinc-tin oxide; ZnSnO3; Zn2SnO4; Nanostructures; Hydrothermal synthesis; 

Multifunctionality. 
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Resumo 

A necessidade de materiais/métodos de baixo-custo aumentou signif icativamente na última 

década. Devido à sua elevada condutividade elétrica, elevada mobilidade e ausência de 

matérias-primas críticas, o óxido de zinco e estanho (ZTO) aparece como um forte candidato 

para diferentes aplicações, como eletrónicas, energéticas, sensores e fotocatálise. 

Nanof ios de ZTO têm sido fabricados essencialmente por métodos de vapor, contudo, estes 

métodos apresentam elevados custos e requerem elevadas temperaturas (>700 °C). Neste 

trabalho foram explorados processos hidrotérmicos para sintetizar nanof ios de ZTO, com uma 

temperatura máxima desejada de 200 °C. Os parâmetros químicos e f ísicos da síntese foram 

intensivamente estudados com o objetivo de obter um processo controlado e reprodutível para 

produzir nanoestruturas com propriedades específ icas. Assim, foi otimizado um processo 

hidrotérmico de passo único, sem seed-layer a 200 °C, para produzir nanof ios de ZnSnO3, e 

nanopartículas e octaedros de Zn2SnO4. 

Embora desaf iante devido às pequenas dimensões dos nanof ios, a resistividade de um 

nanof io individual de ZnSnO3 foi medida com sucesso, usando pontas de prova no microscópio 

eletrónico de varrimento. 

Devido às suas excelentes propriedades piezoelétricas, os f ios foram utilizados para fabricar 

robustos nanogeradores de energia, constituídos por um f ilme microestruturado destes f ios 

embebidos em PDMS, resultando numa excelente performance relativamente à resposta de 

tensão, corrente e densidade de potência instantânea (>200 µW·cm-2). 

Este material foi também usado para produzir memórias, resultando numa excelente razão  

on/off (>107) e um tempo de retenção superior a 4×104 s. 

O comportamento fotocatalítico de diferentes nanoestruturas de ZTO foi estudado sob luz 

UV e visível em metileno azul e em rodamina B, tendo sido obtida uma completa degradação de 

ambos os corantes em 90 minutos. 

Sensores de pH foram ainda produzidos usando nanoestruturas de ZTO como material 

ativo, revelando uma performance muito próxima do limite teórico (-58.6 mV/pH). 

Estas aplicações realçam a multifuncionalidade deste material, mostrando o potencial de 

uma síntese de baixo custo de nanoestruturas de Zn:Sn:O para integração em superf ícies amigas 

do ambiente e autossustentáveis. 

Termos-chave: Óxido de Zinco e Estanho; ZnSnO3; Zn2SnO4; Nanoestruturas; Síntese 

hidrotermal; Multifuncionalidade. 
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Introduction 

Motivation and Objectives  

The motivation of  this thesis is related with the demand for a new generation of  sustainable 

nanostructured oxide materials, fabricated by low-temperature solution routes and able to be 

integrated in a wide range of  applications. Owing to the multiple phases and morphologies 

achievable with multicomponent oxides of  dif ferent compositions, they seem to be ideal for this 

multifunctional concept, allowing to combine in the same surface dif ferent devices such as 

sensors, energy harvesters, transistors and memories, all based in the same material system.  It 

is also imperative to combine these concepts with sustainability, searching  for materials that are 

abundant in the earth, with low-cost and that can be recyclable and preferentially non-toxic. 

Additionally, when considering concepts as the IoT, which demand for material/device integration 

in a plethora of  objects, with dif ferent shapes and surface properties, it is desirable that the 

nanostructured materials being developed are compatible with multiple deposition/integration 

methods. A good example is that they would not rely on a specif ic seed layer or substrate to grow 

with the desired properties.  

In the Chapter 1 it will be possible to verify that zinc-tin oxide (ZTO) is one the most promising 

multicomponent oxide materials for achieving this desired multifunctionality. Its multifunctionality 

comes essentially f rom the great electrical and optical properties of  its two crystalline phases, 

ZnSnO3 and Zn2SnO4 and the wide range of  shapes in which this material is possible to obtain. 

While the dif ferent nanostructures can be advantageous for dif ferent applications, 1D 

morphologies such as nanowires are specially interesting. They have a high surface area but also 

very ef f icient electron transport properties which is relevant for several applications but specif ically 

for electronics, which is always a signif icant drive for the development of  materials.  

Table 1 summarizes several reports on ZTO nanowires, their fabrication method and targeted 

applications. The lack of  low-cost processes to synthesize ZTO nanowires is made clear and, 

moreover, reports on solution-based processing always require the use of  seed-layers. 

Thus, this work intends to address those problems, by developing ZTO nanowires by low-

cost and low-complexity processes, based on hydrothermal methods below 200 °C. Seed-layer 

f ree synthesis is primary considered due to the higher f lexibility allowed for the integration of  the 

nanostructures, while also imposing less constraints during the synthesis process itself . Due to 

the complexity of  this synthesis an extensive investigation covering the dif ferent physical and 
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chemical synthesis parameters is intended. A proper control of  not only the phase but als o the 

morphology of  the nanostructures is expected , since this is known to be determinant for their 

electrical and optical properties.1,2 

Af terwards, implementation of  the produced nanostructures in devices through transfer or 

direct growth methodologies was intended, with the major goal of  demonstrating that the low-cost 

multifunctional materials developed have great potential to conceive self -sustainable smart 

surfaces. 

Table 1. Summary of ZTO (ZnSnO3 and Zn2SnO4) nanowires, their synthesis methods and 
applications. Abbreviations: FTO – fluorine-doped tin oxide; SS – stainless steel; fcc - face 
centered; orth – orthorhombic. *(for ethanol, hydrogen and methane) 

Phase Synthesis Method Application References 

ZnSnO3 

microwires and 

microbelts 

Carbon-thermal reaction 

(900 °C) 
Energy harvesting 3–6 

ZnSnO3 

nanowires 

Thermal evaporation  

(990 °C) 
Photoconductors 7,8 

ZnSnO3 

nanowires 

Thermal evaporation 

(990 °C) 
Ethanol sensors 9 

ZnSnO3 

nanowires 

Seed-layered (FTO) 

hydrothermal synthesis 
Piezophotocatalysis 10,11 

R3C - ZnSnO3 

nanowires 

Seed-layered (ZnO thin-f ilm) 

hydrothermal synthesis 
Hydrogen generation 12 

Zn:Sn:O 

nanowires 

Thermal evaporation 

(700 °C – 850 °C) 
Transistors 13,14 

Zn2SnO4 

nanowires 

Thermal evaporation 

(800 °C – 950 °C) 
Gas sensors* 15,16 

Zn2SnO4 

nanowires 

Thermal evaporation 

(500 °C – 900 °C) 
Photosensors 17–19 

Zn2SnO4 

nanowires 

Thermal evaporation 

(800 °C) 

Resistive switching 

memory 
20 

Zn2SnO4 

nanowires 

Thermal evaporation  

(900 °C) 

Dye-sensitized solar 

cells 
21 

Zn2SnO4 

nanowires 

Thermal evaporation  

(900 °C) 
Li-batteries 22 

Zn2SnO4 

nanowires 

Seed-layered (SS) 

hydrothermal synthesis 

Dye-sensitized solar 

cells 
23 
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Thesis structure 

This thesis is mainly structured in an article-based format, as most of  the chapters are based 

on either already published manuscripts or manuscripts that are submitted or under submission. 

Nevertheless, all of  these were edited as to keep the dissertation consistency, with the respective 

supporting information being merged into the main text, as well as any other additional information 

considered relevant.  

Chapter 1 starts with an overview of  green multicomponent oxide semiconductor 

nanostructures, their fabrication methods and applications, as well as the characterization 

techniques typically involved under this scope.  

Chapter 2 describes the optimization of  the hydrothermal synthesis of  ZnSnO3 nanowires 

using a conventional oven. For this optimization, the chemical and physical parameters of  the 

synthesis were extensively studied with the aim of  properly controlling the synthesis process to 

achieve the desired nanostructures with good reproducibility. 

Chapter 3 shows other synthesis routes that were explored besides that presented in 

chapter 2. Herein, the knowledge previously acquired was used for reducing the time of  the 

reaction synthesis by using a microwave system and, in order to have nanostructures directly 

grown on substrates, the inf luence of  dif ferent seed layers in the ZTO nanostruc tures growth was 

studied. 

In Chapter 4 energy harvesting and optoelectronic applications employing the synthetized 

ZnSnO3 nanowires are presented. Their characteristic piezoelectricity is explored and a work 

consisting on energy harvesters made using a f ilm of  PDMS with embedded ZnSnO3 nanowires 

is presented. In the same chapter, the electrical characterization of  the ZnSnO3 nanowires is then 

provided. Lastly, their application for memristor and light sensing devices is shown.  

In Chapter 5 the photocatalytic activity of  three dif ferent synthetized ZTO nanostructures is 

presented, in the degradation of  two dyes: methylene blue and rhodamine B, and under both UV 

and visible light.  

Chapter 6 presents electrodeposition as an integration method for the nanostruc tures in 

devices and the application of  several ZTO-based nanostructures as sensitive layer for pH 

sensing.  

In Chapter 7 the main conclusions drawn f rom the developed work are presented. Future 

perspectives as well as suggestions for the continuation of  the work under the scope of  this project 

are also presented.   
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Outputs 

The work performed in this PhD project resulted in several oral and poster presentations in 

national and international conferences and also peer-reviewed papers published in international 

scientif ic periodicals. The work developed in this PhD was also very useful to achieve the 

objectives of  multiple tasks of  the European Community’s H2020 project 1D-Neon (No. 685758) 

and of  the ERC starting grant TREND (No. 716510).  

The outputs are presented below. 

Publications 

1. A. Rovisco, R. Branquinho, J. Martins, M. J. Oliveira, D. Gomes, E. Fortunato, R. Martins 

and P. Barquinha, Seed-layer f ree zinc tin oxide tailored nanostructures for 

nanoelectronic applications: ef fect of  chemical parameters, ACS Appl. Nano Mater., 1, 

3986–97, 2018, DOI: 10.1021/acsanm.8b00743 

2. A. Rovisco, R. Branquinho, J. Martins, E. Fortunato, R. Martins and P. Barquinha, 

Growth mechanism of  seed-layer f ree ZnSnO3 nanowires: ef fect of  physical parameters, 

Nanomaterials, 9(7), 1002, 2019, DOI: 10.3390/nano9071002 

3. A. Rovisco, A. dos Santos, T. Cramer, J. Martins, R. Branquinho, H. Águas, B. Fraboni, 

E. Fortunato, R. Martins, R. Igreja and P. Barquinha, Piezoelectricity Enhancement of  

Nanogenerators based on PDMS and ZnSnO3 Nanowires through Micro-structuration, 

under revision ACS Applied Materials and Interfaces 2019  

4. A. Rovisco, R. Branquinho, J. Deuermeier, J. Martins, T. Freire, E. Fortunato, R. Martins 

and P. Barquinha, Photocatalytic behavior of  solution-based Zn:Sn:O nanostructures, 

under submission 2019 

5. A. Rovisco, R. Branquinho, J. Martins, E. Fortunato, R. Martins and P. Barq uinha, 

Literature review on green multicomponent oxide semiconductor nanostructures , under 

preparation 2019 

6. A. Rovisco, J. Neto, R. Branquinho, J. Martins, E. Fortunato, R. Martins and P. 

Barquinha, pH sensors based on electrodeposited ZTO nanostructures, under 

preparation 2019 

7. A. Rovisco, J. Martins, A Kiazadeh, R. Branquinho, E. Fortunato, R. Martins and P. 

Barquinha, ZnSnO3 nanowires resistive switching memories, under preparation 2019  
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Oral presentations 

1. Ana Rovisco, Rita Branquinho, Jorge Martins, Maria João Oliveira, Daniela Nunes,  

Elvira Fortunato, Rodrigo Martins and Pedro Barquinha, Seed -layer f ree zinc tin oxide 

tailored nanostructures: ef fect of  chemical parameters, 15th International Conference on 

Nanosciences & Nanotechnologies (NN18), 3-6 July 2018, Thessaloniki, Greece  

2. Ana Rovisco, Rita Branquinho, Jorge Martins, Elvira Fortunato, Rodrigo Martins and 

Pedro Barquinha, Seed-layer f ree zinc tin oxide tailored nanostructures for nanoelectronic 

applications produced by low-temperature hydrothermal synthesis, 2018 MRS Fall 

Meeting, November 25 - 30, 2018 Hynes Convention Center, Boston, Massachusetts, 

USA 

3. A. Rovisco, R. Branquinho, J. Martins, E. Fortunato, R. Martins and P. Barquinha, 

ZnSnO3 nanowires by hydrothermal synthesis, Materiais 2019, 14-17 April 2019, Lisbon, 

Portugal 

4. Ana Rovisco, Zinc tin oxide nanostructures characterization using a SEM workstation, 

Seminário Hitachi: Os limites da microscopia, CENIMAT (UNL), Caparica, 16 th May 2019 

5. A. Rovisco, J. Martins, A.d.Santos,  J. Neto, R. Branquinho, E.Fortunato, R. Martins and 

P. Barquinha, Multifunctional Zinc Tin Oxide Nanostructures: From Photocatalysis to 

Electronic Applications, Nanotech France 2019, 26 - 28 June, Paris, France 

Contribution in oral presentations 

1. P. Barquinha, C. Fernandes, A. Santos, E. Carlos, R. Branquinho, A. Kiazadeh, J. 

Martins, A. Rovisco, R. Martins, E. Fortunato, “Sustainable, multifunctional and f lexible 

electronics platform based on oxides”, NanoPT 2017, Porto, February 2017 – invited 

2. Pedro Barquinha, Ana Rovisco, Soumen Maiti, Rita Branquinho, Zinc-tin oxide tailored 

nanostructures produced by solution-based methods: a vehicle towards sustainable and 

multifunctional oxide nanoelectronics, XVII Brazilian MRS Meeting, September 16-20,  

2018, Natal, Brasil – invited 

3. S. Nandy, S. Goswami, A. Rovisco, P. Barquinha, R. Martins, E. Fortunato, “Electro -

typing” Data Storage Device by Probe Induced Charge Injection Method, Materiais 2019, 

14-17 April 2019, Lisbon, Portugal 

4. Pedro Barquinha, Daniela Nunes, Ana Pimentel, Lídia Santos, Ana Rovisco, Rita 

Branquinho, Suman Nandy, Elvira Fortunato and Rodrigo Martins, Oxides and the 

challenges of  the future, Nanotech France 2019, 26 - 28 June, Paris, France – invited 

Posters 

1. A. Rovisco, R. Branquinho, J. Martins, E. Fortunato, R. Martins and P. Barquinha, 

Solution-based multicomponent oxide semiconductor nanowires for electronic 

applications, EMRS Spring Meeting, 1-5th May, Lille, France, 2016 
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2. A. Rovisco, A. Pimentel, D. Nunes, P. Barquinha, E. Fortunato and R. Martins, Metal-

oxide nanostructures synthesized under microwave irradiation, Jornadas do CENIMAT 

2016, July 2016 

3. A. Rovisco, R. Branquinho, J. Martins, E. Fortunato, R. Martins and P. Barquinha,  

Solution-based multicomponent oxide semiconductor nanowires for electronic 

applications, Encontro Ciência 2016, Centro de Congressos de Lisboa, 4-6 July, Portugal 

4. A. Rovisco, R. Branquinho, E. Fortunato, R. Martins and P. Barquinha, Solution-based 

multicomponent oxide semiconductor nanowires for electronic applications, Encontro 

Ciência 2017, Centro de Congressos de Lisboa, 3-5 July, Portugal 

5. Ana Rovisco, Rita Branquinho, Elvira Fortunato, Rodrigo Martins and Pedro Barquinha,  
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multicomponent oxide semiconductor 
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The f irst chapter presents itself  as a f raming of  the work in this thesis under the f ield of  

nanotechnology. It starts by presenting the state of  the art concerning the relevance of  

multicomponent semiconductor oxide nanostructures, including the properties of  the 

nanomaterials that are relevant for this work and its applications. Special attention is given to 

green materials, due to the importance of  avoid ing critical raw materials.  

The contents of  this Chapter are adapted f rom the following paper: 

▪ A. Rovisco, R. Branquinho, J. Martins, E. Fortunato, R. Martins and P. Barquinha, 

Literature review on green multicomponent oxide semiconductor nanostructures,  

under preparation 2019 
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1.1. Abstract 

Herein, a comprehensive review of  the literature on green multicomponent oxide 

semiconductor nanostructures is presented. This review pretends to highlight the importance of  

these materials for the post-Si era, as their properties can be appropriately tuned by either 

changing the cations or the cationic ratio. The demand for environmentally f riendly materials, as 

well as the need for reducing the costs in the industry increases the demand for novel materials  

and simpler methods. Thus, potential materials for meeting these requirements, while still 

enabling good performances, are here explored and summarized. The importance of  these 

materials further increases with their potential to be implemented in future smart and self -

sustainable surfaces, where their multifunctionality, derived f rom their varied excellent properties, 

allows the combined integration of  multiple devices such as sensors, harvesters and electronic 

components. In this context, the viability of  the dif ferent oxide nanostructure materials and 

morphologies for specific applications is also described. 

1.2. Introduction 

Nanotechnology attracted a very high attention over the last decades, leading to a very fast 

development of  materials and processing routes. Dif ferent areas such as electronics, chemical 

sensors, medicine/biology, optoelectronics, energy, and others, have prof ited f rom this rapid 

growth. Particularly, for electronic and sensors applications there is an increasing demand for 

f lexible and transparent devices and also for miniaturization to meet near-future concepts such 

as internet-of -things and smart surfaces where low-cost, sustainability and high-integration level 

are crucial.1 Having in mind the environmental issues that we are facing in the modern era, the 

importance of  searching for environmentally f riendly, recyclable and low-cost nanomaterials and 

fabrication processes is essential.2  

Oxide materials have been widely used in thin-f ilm technology, since they allow not only for 

good electrical properties but also for transparency, large area uniformity and good mechanical 

f lexibility.3,4 This is well aligned with the requirements highlighted above for smart surfaces. 

Depending on the metal cations (and on the metal to oxygen ratio), metal oxides can be 

considered as dielectrics,  semiconductors or even conductors.5–8 Dielectrics are usually based 

on the metal ions of  Si, Ta, Al and Hf , while semiconductors and conductors typically contain In, 

Zn, Cd and Sn metal ions.9  

One of  the very interesting properties of  oxide (semi)conductors composed of multiple post-

transition-metal cations is that their carrier transport is fairly insensible to structural randomness. 

Unlike conventional covalent semiconductors where carrier transport paths are composed of  

strongly directive sp3 orbitals, in multicomponent oxides neighboring metal 4s or 5s orbitals 

largely overlap and constitute the bottom of  the conduction band, and this is not severally af fected 
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even in an amorphous state.10 Indium-gallium-zinc oxide (IGZO) thin f ilms are perhaps the most 

striking example of  this: while single crystalline f ilms prepared at temperatures exceeding 1000 °C 

exhibit hall mobility (µH) in the range of  10-20 cm2/Vs, very similar values are obtained for 

polycrystalline or even amorphous f ilms, even if  processed at room temperature.10,11  

Owing to their remarkable electrical properties, In-based materials are currently the 

multicomponent oxide conductors and semiconductors with larger market relevance in large area 

electronics.5,12 Indium-tin oxide (ITO) is traditionally seen as the reference transparent conductor, 

with low electrical resistivity of  ≈ 10-4 Ω·cm and optical transmittance in visible range of  

≈ 85 - 90 %.13,14 IGZO enables high f ield-ef fect mobility >10 cm2/Vs and low of f -current <100 fA 

in thin-f ilm transistors, TFTs) and excellent large area uniformity, b eing currently one of  the 

dominant semiconductor technologies for display applications. 15,16 However, indium is an 

expensive material, due to its scarcity and high market value, appearing in the current (2017) list 

of  the critical raw materials for the European Commission (Figure 1.1).17 While slightly less 

critical, the same can be said for Gallium, another element of  IGZO. This way, the replacement 

of  these materials is imperative to assure long-term sustainability.2  

 

Figure 1.1. List of  critical raw materials for the EU in 2017, adapted f rom the European 

Commission report.17 
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The considerations mentioned above for thin-f ilm oxide electronics are also important when 

heading towards oxide nanostructures. Indeed, while oxide materials such as SnO2, ZnO and 

In2O3, have been extensively explored as semiconductor nanostructures , multicomponent oxide 

materials have great potential to enhance properties and enlarge the range of  applications of  

oxide materials. The properties of  these multicomponent oxide nanostructures can be tuned by 

adjusting the cationic ratio.9,15,18,19 Therefore, several structures can be achieved, such as 

perovskites (ABO3), spinel structures (AB2O4) and other AxByOz structures, allowing dif ferent 

electrical, optical, mechanical, chemical and physical properties.20–22 Materials properties such as 

ferroelectricity, superconductivity, magnetism and piezoelectricity have been demonstrated.16 A 

good demonstration of  the potential of  a multicomponent approach for oxide nanostructures is the 

signif icant enhancement of  piezoelectric response reported for ZnSnO3 compared to ZnO, owing 

to the larger displacement of  the Zn atom in the ZnO6 octahedral cell compared to the one of  the 

Sn atom in the SnO6 octahedral cell, resulting in large spontaneous polarization in the crystal 

structure along the c‐axis.23  

However, the synthesis of  these multicomponent nanomaterials is signif icantly more complex 

due to the presence of  two (or more) cations.15 Thus, achieving a well-controlled reaction with the 

desired stoichiometry at the nanoscale can be very challenging, especially when considering low-

complexity and low-cost methods. 

The literature review presented in the next sections will cover the dif ferent multicomponent 

oxide semiconductor nanostructures, the methods for their fabrication and characterization and 

f inally their applications. Especial attention will be held to materials and methods which are 

environmentally f riendly and with low complexity and associated costs. 

1.3. Nanostructures of green multicomponent oxide 

semiconductors  

A nanostructure is, by def inition, a structure for which at least one of  its dimensions is less 

than 100 nm. Nevertheless, materials with dimensions in the range of  1 nm to 250 nm are 

governed either by the quantum ef fects of  atoms and molecules or the bulk properties of  

materials.24 Materials with structures at the nanoscale have unique optical, electronic, or 

mechanical properties when compared to the respective bulk materials, which arise f rom the 

quantum ef fects or f rom the much more signif icant contribution f rom the surface in comparison to 

the bulk. Additionally, these properties are dependent on the size of  the structures, unlike in bulk 

materials, and can then be adjusted. 

Depending on their morphologies, nanostructures can be considered as having zero, one, 

two or three dimensions (Figure 1.2), and each type of  nanostructures can be suitable for dif ferent 

applications as their properties vary with shape and size. In the next sub-sections, nanostructures 
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having each of  these dimensions will be described in more detailed, as well as the main green 

multicomponent oxides semiconductors that have been produced in the latter years for each. 

 

Figure 1.2. Schematic of the nanomaterials according to their different dimensions: 0D, 1D, 
2D and 3D.  

1.3.1. 0D nanostructures 

The 0D nanostructures generally consist in small spherical nanoparticles with diameters  

lower than 100 nm, consequently, all their dimensions are in the nanometers range. These 

nanostructures are normally called quantum dots or clusters, which are isotropic structures, due 

to the electron conf inement in all the 3 dimensions.25 

Regarding multicomponent oxide semiconductors, several materials can be produced with 

zero dimensions being that Zn, Ca, Ti, Sn, Fe and Cu are some of  the most common cations 

used. 

Zn2SnO4 is one of  the most reported ternary oxides as 0D nanostructures. Lehnen et al. 

reported very small Zn2SnO4 quantum dots (with diameters below 30 nm), produced with a 

microwave-assisted hydrothermal synthesis, followed by high-temperature annealing.20 

Numerous other reports on Zn2SnO4 nanoparticles have been shown, either using standard 

hydrothermal synthesis or solvothermal synthesis.26–33  

Another Zn-based ternary oxide is the ZnCr2O4.34,35 Nanoparticles of  this material were 

reported by Mousavi et al., and they were produced by a precipitation method, followed by a 

calcination at 700 °C for 3 h.35 ZnMn2O4 nanoparticles were also reported, by Morán-Lázaro et 

al., which used a microwave-assisted colloidal method to produce ZnMn2O4 nanoparticles (Figure 

1.3a).36 

Such as ZnCr2O4 and ZnMn2O4, spinel structure nanospheres of  CuFe2O4 were also 

shown.37,38 In 2013, Zhu et al. reported a hydrothermal method to produce CuFe2O4 nanospheres 

with an average size of  60 nm, as shown in Figure 1.3b.39 

Perovskites f rom ABO3 class are also commonly reported as 0D structures, with SrTiO3 and 

ZnSnO3 being a few examples of  these materials.40   
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Figure 1.3. TEM images of: (a) ZnMn2O4 nanoparticles from ref. 36 and (b) CuFe2O4 
nanospheres from ref. 39. 

SrTiO3 nanoparticles have also been synthesized by hydrothermal synthesis , for example, 

Shen et al. reported a hydrothermal synthesis of  the material at 120 °C for 36 h.41 

Regarding ZnSnO3 nanoparticles, several hydro and solvothermal routes have been 

reported for its synthesizes.42–45 For instance, Beshkar et al. reported the use of  the Pechini 

method at 80 °C to synthesize fcc-ZnSnO3 nanoparticles, followed by a calcination at 700 °C for 

2 h.46 Figure 1.4 shows ZnSnO3 nanoparticles f rom dif ferent synthesis routes. 

 

Figure 1.4. SEM images of fcc-ZnSnO3 nanoparticles produced (a) at CENIMAT by 
hydrothermal synthesis; (b) by Pechini method using gelling agent, from ref . 46; and (c) FE-
SEM image of fcc-ZnSnO3 nanoparticles annealed at 400 °C from ref. 47. 

Other ternary structures, such as ABO4, have been reported in the form of  0D 

nanostructures. Hu et al. reported CaWO4 and Ca1-xZnxWO4 nanocrystals produced by a solution 

chemistry at room temperature.48 

In summary, several multicomponent oxide semiconductor materials have been reported as 

0D nanostructures. These materials are essentially based on Zn, Sn and Ti, metals. Besides the 

simple hydrothermal synthesis, a combination of  a chemical method followed by a calcination (at 

high temperature) has shown to be a very common and ef f icient route to produce 0D 

nanostructures.  
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1.3.2. 1D nanostructures 

The 1D nanostructures can have dif ferent forms such as wires, tubes, belts, and rods. In 

these structures only one of  its dimensions (the length) is not in the nanometer range, with 

diameters normally being tens of  nanometers. Nanowires and nanorods are distinguished by their 

length to diameter ratio: while ratios of  100-1000 are usually reported as nanowires, nanorods 

are typically thicker and have length to diameter ratios between 3 and 5.49   

These structures have raised high interest in the scientif ic community, as they are the 

smallest structures showing an ef f icient transport of  electrons and optical excitations. 16 They 

present large surface to volume ratio resulting in spatial conf inement of  electrons, phonons and 

electric f ields around the particles. These properties make them suitable for applications such as 

catalysis, optoelectronic and sensors.25 

The synthesis of  multicomponent oxide nanostructures is complex , and the complexity 

further increases when the desired morphology is not very stable or not the structure with the 

faster nucleation.1 1D morphologies are seldom the most favorable, thus 1D nanostructures are 

normally hard to achieve. Nevertheless a few multicomponent materials have been reported in 

the form of  nanowires so far, with a few review papers having been published on the 

topic.15,16,21,50,51 Vapor phase methods are of ten used to produce 1D nanostructures, by  suppling 

enough energy to induce the desired growth. Alternatively, nanoscale patterning methods, such 

as e-beam lithography, nanoimprint lithography and focused -ion-beam (FIB) writing, can be 

combined with conventional deposition methods to pattern materials at a nanoscale level, for 

instance in the form of  nanowires.1,52  

The AB2O4 class of  materials is one of  the most reported for 1D materials. In 2009, Fan et 

al. reviewed the Zn-based ternary oxide nanotubes and nanowires.21 Several Zn-based materials  

were reported by the authors, such as Zn2TiO4, ZnMn2O4 and Zn2SnO4.  

Kim et al. reported the synthesis and application of  ZnMn2O4 nanowires (Figure 1.5a).53 The 

α-MnO2 nanowires were f irstly synthetized by hydrothermal reaction and were then mixed with 

Zn(CH3COO)2 in high purity ethanol and diethylamine, for several hours. Finally, the ZnMn2O4 

nanowires are formed with a calcination at 480 °C in an O2 atmosphere for 12 h. 

While several reports on Zn2SnO4 nanowires also exist, these consist essentially in vapor 

phase methods, more specif ically in thermal evaporation at high temperature,54 showing the 

dif f iculty in obtaining the nanowire form as mentioned before.55 This Zn2SnO4 phase theoretically 

requires 750 °C for its formation, making it rather complex to obtain nanowires with this phase. 

This is emphasized by the fact that there are only a few reports for Zn2SnO4 nanowires f rom 

solution processes, mostly assisted by seed-layers. For example, Zn2SnO4 nanowires were 

grown on a stainless steel seed-layer and f rom Mn3O4 nanowires.56,57  
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Chen et al. produced nanowires with an interesting “zig zag” form by thermal evaporation 

(catalyst-f ree method) at 920 °C.58  Similar structures of  Zn2TiO4 were reported by Yang et al., 

(called twinned nanowires by the authors), produced by vapor-phase transport (VPT) at 950 °C.59  

CuFe2O4 was also reported as a 1D material, for example, Zhao et al. showed a simple 

electrospinning method, followed by a high temperature annealing, to produce hollow f ibers of  

this material (Figure 1.5b).60 

 

Figure 1.5. SEM images of: (a) ZnMn2O4 nanowires from ref. 53; (b) CuFe2O4 hollow fibers 
fabricated by simple electrospinning after an annealing at 700 °C for 2 h, from ref. 60. 

Regarding the ABO3 perovskite materials, the Zn:Sn:O system can result in the ZnSnO3 

phase. Nevertheless, being a metastable phase, only a few reports for nanowires f rom these 

structures exist, consisting typically in carbon-thermal reaction, thermal evaporation or CVD 

processes 18,61 Regarding reports on solution processing of  ZnSnO3 nanowires, there are reports 

employing FTO seed-layers,62–64 and an interesting approach where ZnO nanowires are 

transformed into ZnSnO3 nanowires65. Recently, ZnSnO3 nanowires were produced by a one-

step solution process without any seed-layer, under the context of  the present dissertation 

work.45,66 Electrospinning also started to be widely used for producing nanof ibers, and ZnSnO3 

nanof ibers is one the materials already reported.67,68 

Other 1D perovskites have been reported, being actually very commonly reported one-

dimension nanostructured materials.16,69,70 As early as 2011, Rørvik et al. made a review of  one-

dimensional nanostructures of  ferroelectric perovskites.69 Titanites such as SrTiO3, CaTiO3 are 

also very of ten reported as 1D nanostructures.16,69,71,72 For example, Figure 1.6 shows CaTiO3 

nanof ibers produced by electrospinning used for drug release.73 
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Figure 1.6. SEM images (a-d) of CaTiO3 nanofibers with different conditions of synthesis. The 
images’ scale bar is 1 μm.73 

An alternative approach for producing 1D perovskites was reported by Barrocas et al., 

showing the fabrication of  CaMn3O6 nanorods by RF-sputtering f ilm deposition, using an 

unconventional nanopowder target of  the same material produced by combustion, followed by a 

post-annealing treatment at 800 °C for 6 h in an air atmosphere.70 

Concerning ABO4 structures, this class has also been reported in one-dimensional form. For 

example, NiMoO4 nanowires were reported by several groups, with Guo et al.74 showing the 

hydrothermal synthesis of  these structures on carbon cloths  (Figure 1.7), while Cai et al. 

presented the hydrothermal synthesis of  NiMoO4 nanowires on a Ni foam.75  
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Figure 1.7. (a) Schematic and (b and c) SEM images of the hydrothermal synthesis of NiMoO4 
nanowires on carbon cloths.74 

In summary, a wide range of  green multicomponent oxide materials 1D structure were 

already reported. Nevertheless, these are of ten synthesized using expensive methods (vapor-

phase methods) associated with elevated temperatures, whereas a much harder task is achieving 

1D nanostructures by solution processes, with reports typically presenting a much higher degree 

of  complexity. This way the fabrication of  this type of  structures through simpler and low-cost 

methods is still a challenging goal to be achieved. 

1.3.3. 2D nanostructures 

The 2D nanostructures have only one dimension conf ined at the nanoscale. These structures 

present a very high surface to volume ratio.76 Dif ferent 2D structures have been reported, such 

as nanosheets, thin f ilms, nanowalls, nanoprisms, nanof lakes, nanoplates and nanodisks.77 

Regarding thin f ilms, it is a technology that has been widely developed, for which amorphous 

f ilms are typically used. Usually they involve either vapor phase methods or other cumbersome 

techniques. In-based materials are the most common for thin f ilms, as mentioned before.6 

Nevertheless, due to environmental issues and the scarcity of  the material, In-f ree thin f ilms have 
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been increasingly explored. For example, ZTO thin-f ilms have gained high attention in the last 

years, especially as semiconductor layer in electronic devices, due to their great electrical 

performance, and have been produced not only by physical processes (such as sputtering) but 

also by solution processes (as combustion).78–80  

Concerning 2D nanocrystals, some of  the most common multicomponent oxide materials are 

based-on Co, Bi or V. Nevertheless, environmentally f riendly materials such as Zn-based 

materials are also very common. Recently, 2D ZnSnO3 nanostructures, produced by 

hydrothermal synthesis, were reported.81,82 Particularly interesting are the face-centered ZnSnO3 

f lakes (Figure 1.8) synthesized by a hydrothermal method at only 100 °C.83 Figure 1.8 presents 

2D ZnSnO3 nanostructures (nanoplates and nanosheets). 

 

Figure 1.8. SEM images of: (a) ZnSnO3 nanosheets;81 (b) ZnSnO3 nanoplates;82 and (c) face 
centered ZnSnO3 nanoflakes.83 

Also a ABO3 material, SrTiO3 nanosheets were reported as well, synthesized via 

solvothermal route with ethylene glycol, for example.84 

 Nanoplates with Zn2SnO4 structure were also already reported, with Cherian et al. showing 

its production by hydrothermal synthesis.55 Concerning spinel materials, Zhang et al. reported 

CuFe2O4 nanodisks produced by hydrothermal synthesis at 180 °C for 24 h.38 

In the previously mentioned report by Cai et al. regarding NiMoO4 nanowires, the 

hydrothermal synthesis of  ultrathin mesoporous NiMoO4 nanosheets on Ni foam is also shown.75 

Furthermore, Guo et al. reported orthorhombic Ho2Cu2O5 nanoplates produced via 

coordination-complex methods with and without N2 environment, showed in Figure 1.9, both 

employing high temperatures (≥ 800 ºC).85 
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Figure 1.9. (a) SEM images of Ho2Cu2O5 nanoplates produced by coordination-complex 
method under N2; (b) High-contrast SEM images of Ho2Cu2O5 nanoplates produced by 
coordination-complex method.85  

As 2D nanostructures have received increased attention in the last years, due to their high 

surface area, many materials have been developed in dif ferent 2D structures. While a very 

common technique to produce nanosheets is the exfoliation of  layered materials, to the authors 

best knowledge there are no reports using this method to produce 2D nanostructures of  

environmentally f riendly multicomponent oxide materials.86 For these materials the hydrothermal 

method is the most employed for 2D nanostructures, unlike the case for 1D structures where the 

vapor-phase methods are predominantly used.  

1.3.4. 3D structures 

In 3D nanostructures, there is no conf inement in any of  the dimensions, with all of  them being 

larger than 100 nm. There are several forms of  3D nanostructures reported, such as nanof lowers, 

nanocones, octahedrons, nanoballs, nanocubes, nanocoils  and nanopillars.77 

Hollow spheres are an interesting example, with application in drug delivery, but the 

complexity of  both composition and morphology make it very hard to synthesize.87 Nevertheless, 

there are a few examples of  multicomponent oxide hollow spheres. SrTiO3 hollow spheres were 

synthesized through a simple and rapid "TEG-sol" method, by Hao et al..88 Also, Gao et al. 

reported the synthesis of  ZnSnO3 hollow spheres (Figure 1.10a) by hydrothermal synthesis at 

120 °C for 3 h.89  

A very common 3D structure is a nanocube shape. For instance, Chen et al. reported a 

synthesis which could result in ZnSnO3 nanocubes (Figure 1.10b) or ZnSnO3 nanosheets, 

depending on the processing temperature.81 Other example was shown by Zhang et al., who 

reported CuFe2O4 nanocubes, produced by hydrothermal synthesis at 180 °C for 24 h.38 

Another common 3D structure is the octahedron shape. Octahedrons of  Zn2SnO4 have been 

reported by several dif ferent groups, and this was identif ied as the most stable phase and shape 

for ZTO (Figure 1.10c). Zn2SnO4 octahedrons constituted by nanoplates, as shown in Figure 
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1.10d, can also be formed.90,91 Another example of  octahedrons was shown by Sato et al., who 

reported the hydrothermal synthesis of  delafossite CuAlO2.92 

 

Figure 1.10. SEM images of: (a) orthorhombic ZnSnO3 hollow spheres from ref 89 and (b) 
Face-centered ZnSnO3 nanocubes from ref. 81 (c) Fe-SEM images of  Zn2SnO4 octahedrons 
from ref. 93; and (d) SEM image of  Zn2SnO4 octahedrons formed from nanoplates from ref.90. 

Another common example for 3D nanostructures is the nanof lower-like, which are very 

common for Co-based materials. Still, Zn2SnO4 nanof lowers have also been reported. Jaculine et 

al. showed Zn2SnO4 nanof lowers produced by hydrothermal synthesis for 48 h at 220 °C.94 

Another example is ZnMn2O4 nanof lowers that were produced via template-f ree hydrothermal 

synthesis.95 This type of  nanostructures is very interesting due to their high surface area, an 

important characteristic for applications such as sensing or catalysis. 

In summary, like was shown for 0D, 1D and 2D nanostructures, several multicomponent 

semiconductor oxide 3D nanostructures have already been reported, with Zn-based materials  

being once again the most commonly reported. Some of  the crystalline structures for these 

nanostructures are complex and consequently a well-controlled process for their production is 

hard to achieve.      

1.4. Synthesis methods 

Dif ferent approaches can be followed in order to induce the desired nanostructures’ 

formation. The nanostructures can be obtained by chemical reaction or by nanomanipulation 
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techniques, such as template membranes  or (nano)lithography processes.15,96,97 Thus, they can 

be produced in the form of  powder or directly grown on substrates, the latter of ten involving the 

use of  seed-layers to induce the nanostructures’ growth.25  

Nevertheless, whichever the followed approach, there are several chemical and physical 

methods based on either vapor phase or solution phase processes, for synthesizing the 

multicomponent oxide nanostructures.98  

1.4.1. Vapor phase methods  

Vapor phase (VP) methods are the most common processes to synthesize metal-oxide 

nanostructures. These methods can be categorized by either a vapor–liquid–solid (VLS) 

mechanism or a vapor–solid (VS) mechanism, with the most common VP processes being 

chemical vapor deposition (CVD), laser ablation (pulsed laser deposition), thermal evaporation 

and sputtering.18,54,99  

Brief ly, in VLS methods a catalyst is used to direct the nanostructures ’ growth, being that 

these catalysts are formed at high temperatures, followed by the adsorption and dissolution of  a 

gaseous precursor and f inally the precipitation of  the nanostructures . This process is very 

common to produce nanowires, where the size is easily controllable by adjusting the catalyst size. 

Nevertheless, catalyst remains are usually lef t attached to the nanowires. Regarding VS 

processes, catalysts are not required, with the growth of  the nanostructures being controlled both 

by the materials’ crystalline structure and the employed reaction parameters (temperature, 

pressure, etc.).98 

The advantages of  these VP methods over solution-based ones are related with excellent 

crystallinity and uniformity.98 However, these techniques are cumbersome, expensive, and 

generally demand high temperatures (>700 °C).100 Thereby, solution-based methods are 

imperative for decreased complexity, cost and temperature, requirements of  most of  the industrial 

applications.  

1.4.2. Solution-based methods  

Solution synthesis of  nanostructures consists in the mixture of  well-def ined quantities of  

dif ferent ions, which are then submitted to controlled conditions of  heat, pressure and 

temperature, resulting in a precipitate formed by insoluble compounds. This resultant precipitate 

(the nanostructures) is collected and usually cleaned and dried .24 In some cases additional 

annealing treatments of  the nanopowders are performed in order to obtain the desired crystallinity. 

Furthermore, by varying the dif ferent synthesis parameters it is possible to control the 

morphology, size and crystalline structure of  the synthesized nanostructures. In these methods a 

wide array of  chemical precursors (which supply the desired ions to the solution) as well as several 

types of  solvents and additives can constitute the solution.101 
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Solution methods present themselves as a great alternative for the synthesis of  

nanostructures: they permit a decrease of  complexity, cost and temperature (being compatible 

with dif ferent technologies such as f lexible substrates 98 and paper electronics 102), while also 

enabling very satisfactory levels of  performance. Moreover, these methods have a high yield 

(product ratio to reagent), allow the fabrication of  a wide variety of  compounds and can be easily  

scaled in volume, a fundamental advantage when considering their industrial prodution.15,24,96  

Nevertheless, there are some drawbacks concerning these solution-based processes. For 

example, concerning the synthesis of  1D metal oxide nanostructures, direct ing the growth of  the 

structures may require additional aspects to be considered such as the use of  surfactants, 

templates or seeds (thin f ilms, 1D structures, etc.). This is even more relevant when aiming for 

1D nanostructures of  complex materials, such as perovskites.101  

The main challenge of  the solution processes is to well-understand and control the reaction 

kinetics, of ten being hard to achieve a good reproducibility and to have a perfect control over the 

obtained nanostructures’ crystallinity and morphology. This is especially true for the syntheses of  

multicomponent oxides, for which the complexity is signif icantly higher.15,16 Nevertheless, there 

are several solution-based processes that have been reported as nanostructures’ fabrication 

methods, such as combustion, electrospinning, spray pyrolysis, sol-gel, electrochemical 

deposition, and hydro/solvothermal methods.15,103 The latter are the most f requently used and 

they are described next.98,100,104 

Hydro/solvothermal methods 

The hydrothermal methods have been widely explored and developed in the last 

years.100,101,104 This method consists in a chemical reaction in an aqueous solution, under high 

pressure (> 1 atm) and at temperatures usually ranging between 100 °C and 300 °C. In case of  

using non-aqueous solvents, the method is called solvothermal.100,101 Typically, the solution is 

kept inside an autoclave and a conventional oven is used as heat source. The pressure inside 

the autoclave is dependent both on the temperature and the volume used, and very high values 

can typically be supported. This allows for an elevated energy supply for the reactions even at 

relatively low temperatures.  

While the typical nucleation and growth mechanism of  the oxide nanostructures in these 

reactions is thought to consist mainly in dissolution–reprecipitation, these mechanisms are of ten 

not well understood. The mechanism consists on the precursors’ dissolution followed by the 

dif fusion of  their species and their reaction/precipitation resulting in the f inal compound. Both 

dissolution and dif fusion of  the species during the synthesis are strongly determined by the 

solvent (as well as the employed hydrothermal parameters) playing then a very important role in 

this process. When the precursors’ solubility is not high enough, precluding an ef f icient reaction, 

mineralizer agents can be used (NaOH, KOH, etc.) to increase the solubility of  the species.100,101 
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While inexpensive and simple, this technique still allows for a well-controlled obtention of  the 

desired nanostructures’ shape and structure with a high reproducibility, thus presenting as an 

excellent alternative to the conventional physical methods.32,105  

Additionally, while conventional ovens are typically used as the heat source, recently 

microwave-assisted synthesis have been widely explored and have shown to allow to reduce the 

synthesis duration due to its more ef f icient (and more homogeneous) heat transfer process.106–

108 

1.5. Characterization techniques 

To properly identify the synthesized material and study its properties, a wide range of  

techniques can been used to analyze either the crystallinity, morphology, size, element  

concentration, and the electrical, optical and mechanical properties.109 In this review special 

emphasis will be given to the techniques usually employed for identif ication of the nanomaterials, 

which normally are used in complement to each other. A sub-section will be dedicated to the most 

common techniques for determination of  the optical, mechanical and electrical properties. 

1.5.1. Scanning electron microscopy (SEM)  

The scanning electron microscopy (SEM) is the one of  the most used techniques to analyze 

the morphology of  the nanostructures, by imaging the samples surfaces. The basis of  this 

technique consists in the incidence of  a highly energetic and focused electron beam in a surface, 

consequently emitting primary electrons f rom the interaction while the materials emit secondary 

electrons, backscattered electrons (BSE) and X-rays being that some electrons are also 

transmitted. High resolution images (presently at atomic scale, 1-5 nm) of  the sample’s surface 

are created by the secondary and backscattered electrons.110 The electron beam can be 

generated either using a tungsten f ilament cathode, by thermionic emission, or by a f ield-emission 

gun, with the electron energy typically in a range between 1 to 30 keV. In the electron column the 

beam is oriented by a pair of  scanning coils or def lector plates for scanning a specif ic area of  the 

sample. As the emission of  secondary electrons is dependent on the angle of  incidence between 

the beam and the sample, an image generated by these electrons presents contrast between f lat 

and steep regions of  the material, thus giving information about the surface topography. On the 

other hand, the electron backscattering is dependent on the atomic weight of  an element, thus, 

images obtained through these electrons show contrast according to elemental composition of  

the material, providing useful information about the chemical composition of  the sample. 
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1.5.2. X-ray diffraction (XRD) 

X-ray dif f raction (XRD) is commonly used to investigate the crystallinity of  materials, allowing 

to identify the structure, phase, lattice parameters and crystalline grain size for crystalline 

materials.109,111,112 As so, this technique one of  the most employed for the nanostructures’ 

characterization.109 It should be noted that material identif ication using this technique is only 

possible for crystalline materials, whereas amorphous materials result in no  identif iable patterns. 

The qualitative and quantitative analysis is based on the Bragg’s law of  dif f raction, 

represented by the following equation: 

𝑛𝜆 = 2𝑑ℎ𝑘𝑙 sin 𝜃      (1) 

Where 𝑛 is the order of  dif f raction, 𝜆 the X-ray’s wavelength, 𝑑ℎ𝑘𝑙 the interplanar spacing, 

and 𝜃 the incident and dif fraction angle, which is swept during the measurement. According to 

this relation, peaks observed in the pattern formed f rom the collected x-ray intensity provide 

structural information about the analyzed material. This technique can also be performed under 

temperatures up to 1200 °C, allowing to study phase changes under temperature. Nevertheless,  

similar patterns of ten exist for dif ferent materials, and thus other techniques are usually combined 

with XRD for the proper identif ication a material. 

1.5.3. Energy-dispersion X-ray spectroscopy (EDS) 

Energy-dispersive X-ray spectroscopy (EDS) is a very useful technique that provides 

qualitative and quantitative surface element analysis. This technique is of ten integrated in SEM 

systems where an X-ray detector is integrated. This technique is based on the detection of  

secondary X-rays emitted f rom a material as a result of  the interaction between a highly energetic 

electron beam (10-20 keV) with its surface. This X-ray emission is generated up to a depth about 

2 µm and is dependent on the elemental composition of  the material. Scanning the sample thus 

results in an elemental mapping. While a quantitative analyzes by peak-height ratio comparison 

to known standards can be made, the energy peaks correspond to dif ferent energy -level shells 

that of ten coincide between dif ferent elements and so this technique is usually combined with 

others for a proper material identif ication.110,113 

1.5.4. X-ray photoelectron spectroscopy (XPS)  

The X-ray photoelectron spectroscopy (XPS) is based-on the photoelectric ef fect. This  

technique can provide information about the surface of  the sample, namely electronic structure, 

elemental composition, oxidation state and ligand binding (surface-sensitive), with most of  the 

signal arising f rom the top 1-10 nm.109 In XPS, photoelectrons are emitted f rom the sample af ter 

it is stricken by sof t monochromatic X-rays with energies between 200 and 2000 eV. The kinetic 
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energy of  the ejected electrons is determined by a spectrometer and is related to the binding 

energy of  the atom f rom which it was ejected. This relation is given by:  

ℎ𝜐 = 𝐸𝐾 + 𝐸𝐵 + 𝜙             (2) 

where ℎ is the Planck constant, 𝜐 the f requency of  the incident X-ray, 𝐸𝐾  the electron kinetic 

energy, 𝐸𝐵  the binding energy of  the electron to the nucleus relative to the Fermi level and 𝜙 the 

work function of  the material (in case of  being a solid).114  

1.5.5. Fourier-transformed infrared spectroscopy (FTIR) 

While the Fourier-transformed inf rared spectroscopy (FTIR) was initially used in the 

investigation of  organic materials, it is now very commonly used to analyze inorganic materials . 

By detecting the presence of  OH groups its very suitable for the identify of  hydroxides.111 

Moreover, the technique can be realized with materials in the dif ferent matter phases: liquid, solid 

or gas.111 In this technique, a sample is irradiated with electromagnetic radiation with wavelengths 

within the mid-inf rared region (4000-400 cm-1), and by deducing the transmitted radiation f rom the 

total irradiated the absorbed f raction is measured. Molecules absorb f requencies that are 

characteristic of  their structure, being that these resonant f requencies matching the vibrational 

f requencies allowed in the molecule. As these energies dependent on the shape of  the molecular 

potential energy surfaces, the masses of  the atoms, and the associated vibrionic coupling, the 

method thus provide information on molecular structures and interactions. In inorganic materials, 

such as the case of  the nanomaterials in this scope, oxide bonds between constituents of  the 

material result in absorption bands that can be used as f ingerprints for identif ication.111 

1.5.6. Raman spectroscopy 

Raman spectroscopy is a technique based on the inelastic scattering of  photons at the 

electrode cloud of  a molecule. The samples (solid, liquid or vapor) are irradiated with a 

monochromatic light (typically a laser) with wavelength either in the near-IR, visible or near-UV 

range, and the light emitted f rom the sample is collected in a monochromator. The dif ference in 

energy between incident photons and emitted photons (Raman shi f t) gives the energy shift 

between rotational-vibrational-electronic (rovibronic) states in the molecule. The intensity of  this 

ef fect is proportional to the electric dipole-electric dipole polarizability of  the molecules, and thus 

depends its rovibronic states. As these states are specif ic to chemical bonds, they are a f ingerprint 

for material identif ication, and provide information about the chemical structure and physical form 

of  the materials.115,116 



Chapter 1 – Literature review on green multicomponent oxide semiconductor 

nanostructures 

27 
 

1.5.7. UV-visible spectroscopy 

This technique is used to measure optical parameters such as the absorption coef f icient, 

ref ractive index, optical band gap and transparency of  a material. Furthermore, the technique is 

very interesting for nanostructures as it allows to determine the size and concentration, while 

being capable of  also giving information on agglomeration state as well as some information on 

the nanoparticles shape.109 In this technique a UV/visible light beam irradiates the sample and 

both the transmitted as well as the ref lected light (with the help of  an integrating sphere) are 

collected, f rom which the absorbed light can then be inferred. The absorption spectra can then 

be constructed which is related to the electronic structure of  the material.115  

1.5.8. Photoluminescence (PL) spectroscopy  

This technique is used for characterization of  the electronic structure of  materials. PL can be 

used to quantify optical emission ef f iciencies and other material properties such as composition, 

impurity content and thickness.117 The technique consists in using a f ixed wavelength excite 

electrons in the sample material (photo-excitation), and then measure the dif ferent wavelengths 

emitted f rom the relaxation of  these electrons to lower energy states . These corresponding energy 

levels can give information on material imperfections and impurities, e.g. in the case of  the metal 

oxide materials defect levels associated to oxygen vacancies can be observed.118
 

1.5.9. Atomic force microscopy (AFM) 

This technique consists in the physical scanning of  a surface by a probe with an atomic-scale 

tip, producing a high-resolution image of  the material surface. While this technique pictures the 

topography of  the sample, several other modules are available for properties’ such as electrostatic 

force microscopy (EFM), Kelvin probe (KPFM), conductive AFM (C-AFM), piezoresponse (PFM) 

which can provide further morphological, electrical and mechanical information. This techniq ue 

can provide valuable information for nanomaterials such as size, shape, structure, dispersion, 

and aggregation.110 

1.6. Integration and applications 

The numerous nanostructure types in which multicomponent oxide materials can be grown 

result in a varied array of  properties which can be tuned regarding the nanostructures’ morphology 

(shape, size, structure) and composition (oxygen content, defects, material stoichiometry, etc.). 

As so, these nanostructures have been explored for a wide range of  applications. Regarding their 

implementation, the nanostructures can either be directly produced in the desired substrates (for 

which seed-layers can be employed to induce specif ic structures in specif ic substrate areas) or 
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in the form of  powder for which post-processing transfer methods are then required for device 

integration. 

The transfer of  the nanostructures presents as one of  the main challenges in their application, 

as these transfer methods are of ten either dif ficult to perform or inef f icient. Still, these methods 

are typically associated with low costs and allow for a greater f lexibility to obtain different phases 

within a material system during the synthesis process itself .  Additionally, when increasingly more 

demanding substrates (e.g, conformal and transparent) are required by concepts such as the IoT,  

the f lexibility in integration given by transfer methods gains even more importance.119 

Several transfer methods have already been explored, the most common being drop -casting 

and spin-coating, spray-coating, printing and dielectrophoresis (electrodeposition).120–123 While 

challenging, the further development of  these methods to a point where they permit a reliable 

nanostructure integration is key, as the multicomponent oxide nanostructures’ wide range of  

applications demands for signif icantly different approaches and architectures to be explored.  

The most common applications for these nanostructures will be presented next, referencing 

the main materials that have been used for each application, with the focus being maintained on 

multicomponent materials containing non-critical elements. 

1.6.1. Electronic Applications 

Due to market implications, electronics applications are always a relevant drive for materials.  

The multicomponent semiconductor nanostructures are particularly interesting  for these 

applications, with wide band gap semiconductors allowing for high-power and high-f requency 

operations.100 

In Figure 1.11 the electronic density of  states for semiconductors with dif ferent dimensions 

is presented. As observed, the electronic conf inement alters the shape of  the density of  states 

which, in the case of  no conf inement ef fects, presents the typical parabolic distribution known for 

most semiconductors. As previously mentioned, the designation of  the nanostructures relates to 

the number of  dimensions in which the electrons are not conf ined: in a 0D nanostructure the 

electrons are conf ined in all dimensions, in a 1D nanostructures the electrons are conf ined in 2 

dimensions (and move in one dimension), in 2D nanostructures the electrons are conf ined in 1 

dimension (and move in 2 dimensions) while for 3D nanostructures the electrons are not conf ined 

in any dimension.  

The size-dependency of  properties is a very interesting phenomena for the tuning of  

nanostructures for specif ic applications and while this dependency is higher the more conf ined 

the nanostructures are, 1D nanostructures still present several advantages over 0D 

nanostructures, being in fact the more commonly sought for electronic aplications. 124 In these 

structures, the quantum conf inement results in high density of  electronic states near the edges of  

the conduction and valence bands, with the discretization of  the energy states beginning to dictate 
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the material’s properties.124 Additionally, the carriers’ movement is limited to a single dimension, 

leading to a reduction of  the low-angle scattering. All this results in ef f icient charge transport 

characteristics with high electrical mobilities being found for these materials, which is desirable 

for dif ferent applications but especially for electronics.98 Furthermore, the high aspect ratio of  

these structures facilitates the electrical contacting. 

 

 

Figure 1.11. Density of states of a semiconductor with a: (a) 0D structure (quantum dots), (b) 
1D structure (nanowire), (c) 2D structure (nanosheets, thin films) and (d) 3D (bulk) structure. 

Field effect Transistors 

Field ef fect transistors are the key element in today’s electronics. Its miniaturization is always 

pursued, and for the Si technology transistors fabricated in 7 nm-nodes are already a reality. With 

nanoelectronics demanding for a new generation of  materials to circumvent the limitations of  

conventional Si technology, multicomponent metal oxide semiconductor nanostructures appear 

as interesting candidates. Due to their excellent electrical properties, as previously discussed, 1D 

structures are the most interesting in this regard , having already shown a great applicability as a 

semiconductor material in f ield-ef fect transistors.50,98,125,126 A few transistors based on 

multicomponent oxide nanostructures have been reported lately, however, as with the thin f ilm 

technology, most consist in In-based materials.5–7,98,120,127–130 
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For the thin f ilm technology, promising In-f ree multicomponent oxide materials have already 

been shown. A prime example is ZTO, a candidate for the replacement of  IGZO, for which devices 

produced both by physical and solution processes have been reported by several groups.131–134 

For instance, in CENIMAT (our research group) ZTO produced both by sputtering and by solution 

based processes was already demonstrated has having great potential: Fernandes et al. showed 

the use of  amorphous ZTO TFTs produced with low thermal budgets (≤ 180 º C) for inverters and 

amplif iers, while Salgueiro et al. showed ZTO TFTs by solution combustion synthesis.78,80 As in 

thin f ilm technology, ZTO is also one of  the most promising multicomponent metal oxides for 

transistors with nanostructures.58,126,135 Demonstrations of  discrete Zn2SnO4 nanotransistors were 

already made using nanotransfer moulding of  ZTO inks followed by annealing at 500 °C, or by 

simple pick-and-place approach of  drop-casted ZTO nanowires prepared by CVD above 700 °C  

(Figure 1.12) and by thermal evaporation at 1000 °C.18,52,99 

 

 

Figure 1.12. (a) Cross-sectional view of a bottom-gated nanowire transistor structure. (b) FE-
SEM image of the nanowire channel region for a Zn2SnO4 nanowire transistor. Adapted from 
ref. 99.  

Dif ferent architectures can be considered for single nanowire transistors, as shown in Figure 

1.13. As the simpler approach, a typical TFT structure can be emulated by replacing the usual 

semiconductor f ilm by a horizontal nanowire using either a simple pick -and-place method or 

another transfer method. Nevertheless, architectures such as those employing gate-all-around  

the 1D nanostructures are very interesting approaches as the excellent gate control they provide 

allows for very high on/of f  ratios, steep subthreshold slopes and low threshold voltages.136 

Moreover, vertical architectures trough aligning the nanowires perpendicularly to the substrate 

enable increased device density. 

An alternative approach are transistors employing random nanowire networks. While 

resulting in poorer performance than single wire architectures, these are considerably less 

demanding in terms of  manufacture and have the potential to bring a signif icant boost to the f ield-

ef fect mobility achieved with oxide semiconductor thin f ilms.126,137  
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Figure 1.13. Schematic of nanowire transistor structures: horizontal nanowire FET with a (a) 
back-gate, (b) top-gate (c) gate-all-around geometry and (d) vertical nanowire FET with gate-
all-around geometry. Adapted from ref.138. 

Resistive Switching Memories 

Other electronic devices than transistors can greatly benef it f rom the properties of  

semiconductor nanostructures. For instance, these materials have also been used for the resistive 

switch layer in an emerging type of  memory devices known as memristors. Resistive switching 

memories (or memristors) have been proposed as a superior alternative to conventional 

memories by possessing both elevated integration capability (higher than f lash) and non-volatility, 

while enabling access speeds close to that of  dynamic random-access memory (DRAM). 

Memristors are typically composed by a metal-oxide-metal structure, where the modif ication of  

the resistance state is due to the change of  an internal state variable in the oxide layer.139 Wide 

band gap semiconductors are good candidates for this application due to its highly mobile Fermi 

level, allowing for a strong modulation of  the resistance state.6 From the various oxide materials 

that have been explored for this application, TiO2 and ZnO have attracted the most attention due 

to their high dielectric constant, wide band gap and fast resistive switching behavior.140 

Additionally, ferroelectric materials have been reported as active layers in these devices, with 

nanostructured ferroelectric materials presenting better performance than f ilm-based ones.136 

Concerning nanostructures, reports show ZTO as the active material in memristors in dif ferent 

forms, such as amorphous thin f ilms, Zn2SnO4 nanowires and ZnSnO3 nanocubes, being the latter 

a known ferroelectric material, and thus specially relevant for this application.141–148 

(
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Circuits integration 

Several nanocircuits using these electronic devices were implemented in the last years, and 

Figure 1.14 shows a schematic of  the devices that can be integrated in the same nanowire-based  

chip.149 For example, Yan et al. developed programmable nanowire circuits for processors, using 

Ge/Si core/shell nanowires, while Ju et al. reported AMOLED displays driven exclusively by 

ZnO/In2O3 nanowire electronics and showed that such displays can be optically transparent.150–

152 To the authors’ best knowledge, there is no demonstrations of  circuits integration using 

environmentally f riendly multicomponent oxide semiconductor nanomaterials.  Also, a 

demonstration of  high-density integration with oxide nanotransistors with controlled properties on 

large areas is yet to be seen, owing mostly to the inef f icient transfer or direct grow methods of  

these materials. 

 

Figure 1.14. Schematic of a 3-D multifunctional nanowire-based chip.149 

 

1.6.2. Sensors 

Multicomponent oxides nanostructures are very interest for sensor applications. Their  

smaller crystallite size, high surface-to-volume ratios and surface reactivity result in enhanced  

sensitivities/selectivity with multicomponent materials typically presenting  smaller response times 

and superior stabilities compared to binary oxides.153 Moreover, the implementation of  these 

nanostructures in sensors allows miniaturization of  the devices, as well as cost reduction. Several 

types of  nanostructures have been employed in sensor devices, such as nanoparticles (0D), 

nanowires (1D), nanosheets (2D) and nanocubes (3D).119 Dif ferent sensing application have been 

explored using multicomponent oxide nanostructures such as gas sensors, humidity sensors, 

photosensors and biosensors, as described next. 
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Gas sensors 

Environmental issues coming f rom the use of  insecticides and pesticides in agriculture, 

combustion of  fossil fuels, and others, are a concern nowadays.154 Under this scope, gas sensors 

are the most commonly reported application for oxide nanostructures. Besides the typically high 

surface-to-volume ratio of  nanostructures another important aspect regarding the metal oxides 

nanostructures is their surface defect density which results in a high conductance change as 

carriers are activated f rom their trapped states to the conduction band  when exposed to the target 

gases.155 This results in an increased response by the sensors, given by the resistance change 

of  the material.36,154,156 Additionally, catalytic activity as that known for transition metal oxides has 

been related to increase gas adsorption capability .154,157 ZnO was shown to be capable of  

detecting a variety of  gases (CO2, H2S, NO2, NO, NH3, C3H8 and CH4), and studies on the 

inf luence of  morphology showed that changing the nanostructures’ shape allows to enhance the 

sensors’ sensibility to dif ferent gases.119 ZnMn2O4 nanoparticles were already used as gas 

sensors for propane and carbon monoxide detection.36 ZnTiO3 nanoparticles were used on a 

sodium super ionic conductor for detection of toluene.158 Zn2SnO4 and ZnSnO3 nanostructures of  

dif ferent forms, such as nanoparticles, nanof ibers and nanowires have also been widely used for 

gas sensing applications.67,159 Notably, 1D nanostructures are specially advantageous when FET 

architectures are considered for the gas sensing.155 

Humidity sensors 

Multicomponent oxide nanostructures have also been used as active layer for humidity 

sensors. Their surface reactivity provides the humidity sensing properties, as the interaction 

between their surface and water molecules generates an electrical resistance change.42 

Therefore the nanostructures’ morphology, surface defects and interfacial properties control their 

sensing performance.47 In comparison to binary oxides, multicomponent oxides present a higher 

stability in aqueous environments, increasing their reliability for these applications.160 ZnSnO3 has 

been reported as an excellent humidity sensor, in dif ferent nanostructure forms such as 

nanoparticles or in a composite of ZnSnO3 nanocubes and Ag nanowires.42,47  

Photosensors 

Oxide semiconductors are known to be great light sensors due to their 

photoconductivity.161,162 Most of  the multicomponent oxides being considered here have wide 

band gaps being well suited for UV detection.163 UV photodetectors play an important role in 

biological applications, space exploration, environmental sensors, and also in f ire monitoring.164 

Additionally, photoconductors are important for concepts such as light-wave communication, 

binary switches in imaging techniques, optoelectronic circuits and next -generation memories. For 

the latter, it is expected that light-sensitive memristive devices can be used to overcome the 

processor-memory communication bottleneck, with oxide materials being a prime candidate due 

to their properties. 1D nanomaterials have already shown high sensitivity to light in experimental 

devices, attributed to their high surface-to-volume ratio and Debye length comparable to their 
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size.165 Nevertheless, the most common multicomponent oxide materials for photosensors are 

also based on indium, gallium and germanium, as verif ied for other electronic applications.100 ZTO 

appears as the most promising environmentally f riendly 1D multicomponent oxide material for 

photosensing applications.163 Zn2SnO4 has been widely explored for this, with dif ferent shapes 

such as nanoparticles, nanowires and nanocubes having been reported.28,166–169 ZnSnO3 

nanostructures were also reported as photoconductors.161 While the optical band gap of  these 

materials is typically in the UV energy levels (hence their transparency), quantum conf inement 

ef fects or even defect levels near the band edges can be explored to increase the absorp tion for 

lower energy levels. 

Biosensors 

The metal oxides’ strong electron-transfer kinetics and adsorption capability make them 

interesting materials for biosensing devices. Thus, multicomponent oxides have also been used 

for biosensing applications. For instance, SrTiO3 nanoparticles were used for label-f ree capacitive 

biosensors for Escherichia coli detection, ZnSnO3 nanoparticles were used as electrochemical 

biosensors for label f ree sub-femtomolar detection of cardiac biomarker troponin T and a composite 

of  Zn2SnO4 nanoparticles and graphene was used for morphine and codeine detection. 170–172 

1.6.3. Catalysis  

Industrial actions and human activities play a negative environmental impact, raising high 

water pollution, among other issues.173 Metal oxide nanostructures are being used for 

photoelectrochemical (PEC) water splitting, production of  hydrogen, CO2 reduction and 

photocatalysis for pollutant degradation.174–176 Regarding the breakdown of  water pollutants, 

these materials present great advantages for this application as their band gaps are close to the 

visible light range and they have high surface-to-volume ratios.177 Titanium oxide, zinc-based 

oxides and manganites are some of  the most common materials for this application.160,175,178–182 

As multicomponent oxides present a higher stability in aqueous environments when compared 

with binary oxides, they have a signif icant advantage for the photocatalytic applications.160 

Dif ferent forms of  these materials, such as normal spinel, inverse spinel and perovskite structures 

have been employed.174,176,183 In fact, piezoelectricity and ferroelectricity (associated with 

perovskite structures) have shown to  play an important role in photocatalysis, since the 

photogeneration of  electron-hole pairs is enhanced by the dipole moment formed by the 

polarization electric f ield across the polar materials.184,185 Several spinel structures have been 

reported as showing excellent photocatalytic activities, namely ZnM2O4 (with M = Fe, Mn or Al), 

and CuFe2O4.38,186–188 ZnMn2O4 nanoparticles were shown to have high photocatalytic activity, 

degrading both 96 % of  Congo red dye and 45 % of  organic carbon in just 15 min.187 The same 

material was used for degradation of  rhodamine B under visible-light.186 Inverse spinel structures 

such as Zn2SnO4 nanostructures have also been widely used.189,190 For instance, Zn2SnO4 
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nanocrystals were used for the degradation of  50 % of  reactive red 141 dye in 270 min under 

sunlight.189  

Regarding perovskites (ABO3) nanostructures, dif ferent ZnSnO3 structures such as 

nanowires and nanoplates were already used as photocatalysts for organic pollutants (for 

example, methylene blue and rhodamine B).46,191,192 Due to its high optical band gap (3.6-3.9 eV) 

UV light is usually required to photoactivate this material. Nevertheless, fcc-ZnSnO3 nanoparticles 

were already reported with a very satisfactory photocatalytic behavior on methylene blue 

degradation under visible light (0.0156 min-1).177 SrTiO3 nanoparticles synthesized by 

hydrothermal synthesis were used for degradation of  methyl orange, with a rate of  

0.01013 min- 1.41 Recently, an alternative photocatalytic approach has been explored, with 

piezoelectric materials such as ZnSnO3 (nanowires and nanoplates) and BaTiO3 (nanoparticles, 

nanoplates and nanowires) being used for piezophotocatalysis.62,64,193–196 Regarding 

photocatalytic hydrogen generation, Zieliñska et al. showed the performance of  alkaline-earth 

titanates (CaTiO3, BaTiO3 and SrTiO3) in the presence of  electron donors, with the best 

performance being achieved for SrTiO3.197 Other materials such as CaMn3O6 nanorods were also 

successfully applied as photocatalysts for rhodamine 6G under visible light, showing a 

degradation ratio of  0.3926 h−1.70  

Not only the phase but also the morphology has been reported as controlling the 

photocatalytic properties. Dong et al. showed the inf luence of  CaTiO3 nano/microstructures’ 

morphology in the degradation of  several organic pollutants, f inding an optimal activity for 

butterf ly-like dendrites to degrade rhodamine B (2.069 min-1).198 Other interesting applications of  

photocatalytic properties have been reported , such as the photocatalytic inactivation of  

Escherichia Coli using ZTO nanocubes under visible light. Only a 10 % surviving rate was found 

for the bacteria, whereas the absorption of  the visible light was attributed to the inherent surface 

defects enhancing the absorption edge in the visible region.160 With this in mind, lower cost 

methods for nanostructure production (as hydrothermal methods), which typical result in more 

defective structures, might be advantageous for this applications as defect levels near the band 

edges may increasing the absorption for lower energy levels.  

1.6.4. Energy applications 

Energy Harvesting – nanogenerators 

Nanogenerators are devices that can convert mechanical vibrations into electrical energy,  

being highly interesting for smart and self -sustainable surfaces and for the IoT, as they can be 

used for sustainable energy sources, biomedical systems and smart sensors.199 Vibration energy 

is a great renewable electricity source and can be harvested by three ef fects: piezoelectric, 

electrostatic and electromagnetic transduction.200,201 While lead zirconate titanate (PZT) is the 

material with the highest piezoelectric constant, it is environmentally harmful. 82 Several metal 

oxides have been explored for this application, with BaTiO3 and ZnSnO3 being the most common 
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due to their piezoelectric properties.23,202–204 Nanostructures of  these materials are of ten 

incorporated in polymers, enabling the robustness required for device practicality.82,205 Several 

BaTiO3 nanostructures were already explored for this application (being the most employed 

material in this regard), an example being shown in Figure 1.15 where a nanogenerator based-

on BaTiO3 nanowires is depicted.204 Nevertheless, with Ba being a critical material, alternative 

materials such as ZnSnO3 are pursued and, in fact, several nanostructures f rom this material 

(such as nanocubes, nanowires, and nanoplates) have already been reported for energy 

harvesting devices.23,82,202,203,206–212  

 

Figure 1.15. Vibration sensing and energy harvesting device with ultra-long BaTiO3 
nanowires.204 

Solar Cells 

While solar cell devices allow for a conversion process of  solar light (energy) into electric 

energy, they of ten demand expensive methods and materials.54 Multicomponent metal oxides 

have been used for dye-sensitized solar cells (DSSCs). DSSCs present high ef f iciency and low 

fabrication costs, and demand for wide band gap porous semiconductor materials as electrode, 

with long electron dif fusion length, for supporting dye molecules and transporting the 

photoinjected electrons.26 These requirements can be met by multicomponent semiconductor 

oxides, as their properties can be tuned for them to function as transparent conductive oxides 

(TCOs), and the control of  the size/morphology of  nanostructures can ensure high surface area 

for dye adsorption.26 For instance, Zn2SnO4 has been widely used as photoanode for dye solar 

cells in dif ferent nanostructure morphologies as nanoparticles and nanowires.26,56,213,214  

Electrochemical energy devices: Li-batteries and supercapacitors  

Electrochemical capacitors (supercapacitors), rechargeable lithium-ion batteries are 

promising candidates regarding energy storage and conversion. Li-batteries are one of  the most 

commonly reported systems for electrochemical energy storage employing ternary oxide 

nanomaterials.77,215 Several multicomponent oxide nanostructures have been used for this 
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application, specially ZnO-based compounds such as ZnFe2O4, Zn2SnO4, and ZnAl2O4 as shown 

in dif ferent reviews.21,77,216 For instance, Cherian et al. compared the performance of  nanowires 

and nanoplates of  Zn2SnO4 for Li-batteries.55 

Supercapacitors (SC) can also be considered for this technology. Redox SCs are one type 

of  SC where the charge storage is given by fast redox reactions of  active species on the surface 

of  electroactive materials.217 Metal oxides have been widely used for this application due to their 

high specif ic capacitance and energy density, being that ternary metal oxides have shown higher 

supercapacitive performance than binary metal oxides due to their multiple oxidation states.217 In 

2015, Chen et al. published a review on ternary oxide nanostructures for supercapacitors , in which 

most of  the reported materials contained the critical raw material cobalt (Co), whereas only 3 

nanostructures without critical elements where shown: NiMoO4 nanosheets (with a capacitance 

of  2840 F·g-1), CuFe2O4 nanospheres (334 F·g-1) and MnFe2O4 with graphene nanosheets  

(120 F·g-1).39,75,217 Recently, holey C@ZnFe2O4 nanof lakes growth on carbon soot were also 

applied for supercapacitors resulting in a capacitance of  1452 F·g-1.218 NiMoO4 nanowires 

supported on carbon cloth were also tested as supercapacitor resulting in a capacitance of  

1587 F·g-1.74 Additionally, Zn2SnO4/MnO2 core shell in carbon f ibers showed a capacitance of  

621.6 F·g  -1.219 

1.7. Conclusions 

Near-future concepts such as the internet-of -things (IoT) require an increasing number of  

objects to have embedded electronics, sensors and connectivity, driving a demand for compact, 

smart, multifunctional and self -sustainable technology with low associated costs. While 

nanomaterials are thought to be able to meet these requirements, playing an important role in the 

future technological world, low-cost and sustainable technologies are a demand. For this, both 

low cost methods of  fabrication and sustainable materials must be considered.  In this regard, 

multicomponent oxide nanostructures appear as prime candidates, due to their wide array of  

excellent properties and compatibility with low-cost fabrication methods even when considering 

only available and sustainable materials. An overview on these materials was here presented, 

along with their synthesis methods, and their wide applicability was made clear by showcasing 

some of  the several examples of  their application in relevant areas such as energy, electronics 

and sensing.  

From the broad range of  multicomponent metal oxide semiconductor materials that have 

been synthesized in dif ferent nanostructures (of ten Zn, Sn and Ti-based), zinc-tin oxide appears 

as one of  the most promising. In the Table 1.1 the optical, electrical and piezoelectric properties 

of  some of  the more employed oxide semiconductor nanostructures are presented. These 

properties show the potential of  zinc-tin oxide compared with other binary and ternary oxides, to 
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achieve the desired multifunctionality to meet the concepts of  IoT and smart surfaces while 

avoiding the use of  critical raw materials. 

 

Table 1.1. Optical, electrical and piezoelectric properties of some of the more employed oxide 
semiconductor nanostructures. The properties marked with * are referent to the bulk materials 
and with ** to theoretical calculations. Abbreviations: n/a – not applicable; n/f – not found. 

Properties 

 

Material 

Band gap 

(eV) 

Resistivity or 

Conductivity 

Piezoelectric 

constant or 

Polarization 

References 

SnO2 3.60 0.46 (Ω·cm) −1 n/a 220 

TiO2 3.00 - 3.40 1.09 Ω·cm n/a 178,221 

ZnO 3.37 1.4 - 2 × 10−4 Ω·cm * 14.3–26.7 pm/V 222–224 

IGZO 3.67 >106 – 10-3 Ω·cm * n/a 120,225,226 

BaTiO3 3.47 1.6×10−13 – 4.3×10−12 S·m−1 31.1 pm/V 227–230 

CaMnO3 5.30 n/f  4 µC/cm2 ** 70,231 

NiMoO4 2.20 107 Ω·cm * n/a 232,233 

ZnSnO3 3.90 ∼73 Ω·cm 59 nC/cm2 234,235 

Zn2SnO4 3.30 - 3.60 1.6 Ω·cm n/a 183,234 
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Chapter 2 – Synthesis and characterization of 

zinc-tin oxide nanowires 

This chapter aims to present the results regarding the hydrothermal synthesis of  seed -layer 

f ree ZTO nanostructures developed during this thesis project, with particular emphasis on the 

optimization of  all the parameters leading to the achievement of  ZnSnO3 nanowires. The 

nanostructures syntheses and characterization were performed in the CENIMAT and CEMOP 

laboratory resources.  

The contents presented in this chapter are adapted f rom the following publications:  

▪ A. Rovisco, R. Branquinho, J. Martins, M. João Oliveira, D. Nunes , E. Fortunato, R. 

Martins and P. Barquinha, Seed-Layer Free Zinc Tin Oxide Tailored Nanostructures for 

Nanoelectronic Applications: Ef fect of  Chemical Parameters. ACS Appl. Nano Mater. 1, 

3986–3997 (2018), DOI: 10.1021/acsanm.8b00743 

▪ A. Rovisco, R. Branquinho, J. Martins, E. Fortunato, R. Martins and P. Barquinha, 

Growth Mechanism of  Seed-Layer Free ZnSnO3 Nanowires: Ef fect of  Physical 

Parameters. Nanomaterials 9, 1002 (2019), DOI: 10.3390/nano9071002  
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2.1. ZnSnO3 nanowires synthesis: influence of the chemical 

parameters  

2.1.1. Abstract 

Semiconductor nanowires are mostly processed by complex, expensive and high 

temperature methods. In this work, with the intent of  developing zinc tin oxide nanowires (ZTO 

nanowires) by low-cost and low-complexity processes, we show a detailed study on the inf luence 

of  chemical parameters in the hydrothermal synthesis of  ZTO nanostructures at temperatures of  

only 200 °C. Two dif ferent zinc precursors, the ratio between zinc and tin precursors, the 

concentration of  the surfactant agent and of  the mineralizer were studied. The type and the 

crystallinity of  the nanostructures was found to be highly dependent on the used precursors and 

on the concentration of  each reagent. Conditions for obtaining different ZTO nanostructures were 

achieved, namely Zn2SnO4 nanoparticles and ZnSnO3 nanowires with length ≈ 600 nm, with the 

latter being reported for the f irst time ever by hydrothermal methods without the use of  seed 

layers. The low-temperature hydrothermal methods explored here proved to be a low-cost, 

reproducible and highly f lexible route to obtain multicomponent oxide nanostructures, particularly 

ZTO nanowires. The diversity of  the synthetized ZTO structures have potential application in next -

generation nanoscale devices such as f ield ef fect nanotransistors, nanogenerators, resistive 

switching memories, gas sensors and photocatalysis . 

2.1.2. Introduction 

The increasing demand to have smart and multifunctional surfaces on all sorts of  objects 

and shapes is pushing f lexible and transparent electronics to unprecedented performance and 

integration levels.1 For this end, it is highly desirable a material system of fering sustainability in 

terms of  raw materials and processes to synthetize its low-dimensional structures, combined with 

a wide range of  properties to enable its use on transistors, sensing or even energy-harvesting 

components. Metal oxides are one of  the material classes with highest potential to fulf ill all these 

needs. In fact, ZnO-based nanostructures have been widely explored over the last decade. 2,3 ZnO 

nanowires are a good example of  the multifunctionality of  oxides, enabling fo r instance 

nanogenerators to act as gas sensors and biosensors.4,5 Moving f rom single to multicomponent 

oxides, e.g., f rom ZnO to zinc-tin oxide (ZTO), has been one of  the current trends, enabling one 

to obtain dif ferent properties by adjusting the cationic ratio, resulting in a wider range of  

applications for a given material system.6 Concerning sustainability, ZTO also has a great 

advantage over other multicomponent oxides as the well-established indium-gallium-zinc oxide 

(IGZO) in thin-f ilm technologies, since it avoids the use of  critical raw materials as In and Ga.7  

ZTO can crystallize through solid-state reaction in the metastable perovskite (orthorhombic 

or ordered face centered, fcc)8 or rhombohedral 9 forms (ZnSnO3) and the more stable inverse 
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spinel orthostannate (Zn2SnO4).10,11 In Figure 2.1 the crystalline structure of  both phases is 

presented.  

 

 

Figure 2.1. Crystal structure of (a) inverse spinel cubic Zn2SnO4 (reproduced from Ref 12 with 
permission of The Royal Society of Chemistry), (b) perovskite ZnSnO3 adapted from Ref 13 with 
permission of The Royal Society of Chemistry. Perovskite ZnSnO3 can be face-centered or 
orthorhombic (in which a ≠ b ≠ c). (c) Crystal structure of rhombohedral LN-type ZnSnO3 reprinted 
with permission from Ref 14. Copyright (2012) American Chemical Society. 

 

Zn2SnO4 is an n-type semiconductor with mobilities higher than 112 cm2V-1s-1 and a wide 

band gap of  3.6 eV being reported in nanostructures.15,16 On the other hand, ZnSnO3 has been 

reported as an excellent piezoelectric material, with a piezoelectric polarization along the c-axis 

≈59 µC/cm2, more than one order of  magnitude higher than that of  ZnO (≈5 µC/cm2),17–19 and also 

as a ferroelectric material.20 Its band gap was reported as being 3.9 eV, higher than for 

Zn2SnO4.21,22 These ZTO nanostructures can be synthetized by vapor phase processes as 

chemical vapor deposition (CVD)23 and thermal evaporation,6 which present high ef f iciency. 

However, these are cumbersome and expensive techniques, which demand high temperatures 

(>700 °C). Thereby, solution-based methods are imperative to decrease complexity, cost and 

temperature, while still enabling good performance of  the synthesized nanostructures. Solution-

based hydrothermal methods were already used to obtain ZTO nanostructures such as 

nanoparticles (NPs),24 nanowires (NWs),25 nanorods,12 octahedrons,26 nanocubes (NCs)27,28 and 

nanof lowers29. These nanostructures have demonstrated interesting properties for numerous 

applications as photocatalysis,30 sensors,31–33 nanogenerators,14,34,35 resistive switching 

memories13,36 and solar cells,37  reinforcing the multifunctionality of  ZTO for next-generation 

nanoscale devices.  

A proper control of  the synthesis process to achieve the target structure and shape is crucial. 

As an example, for gas sensing it was already reported that within ZnSnO3 structures an 

orthorhombic phase (as the one obtained in this study) possess a much higher sens itivity than 

the fcc. The dimension of  the obtained structures also plays an important role, with higher specific 

surface areas resulting in improved gas sensing performance.38 

However, two important drawbacks need to be solved: f irst, it is well known that obtaining a 

single phase (ZnSnO3 or Zn2SnO4) and a single nanostructure shape (e.g. NP or NW), by solution 

(a) (b) (c)
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processes is quite challenging.39,40 This can limit the usefulness of  ZTO for dif ferent applications, 

as the properties are heavily dependent on phase and shape; also, low-cost hydrothermal 

methods, highly desirable f rom an upscaling perspective, always require seed-layers to achieve 

ZnSnO3 nanowires.39,41  While the use of  a seed-layer can enable easier fabrication of  vertical 

structures such as gate-all-around transistors,42,43 synthesizing ZTO nanowires without a seed 

layer also brings multiple advantages: imposes less constrains to the synthesis conditions to be 

studied, which is crucial to investigate in detail the role of  each synthesis parameter in controlling 

phase, shape and size of  the nanostructures;10,44 allows for less processing steps to obtain the 

nanostructures; provides higher degree of  f reedom to integration, by relying on a wide variety of  

available transfer methods to obtain random and aligned networks of  nanowires on any 

substrate;45 f inally, the nanostructures do not incorporate on their f inal shape any undesired 

residuals f rom the seed layers.46   

In these following sections, we present dif ferent multicomponent ZTO nanostructures 

produced by a seed-layer f ree, one-step hydrothermal method, at only 200 °C. The chemical and 

structural inf luence on the solution-based synthesis of  the zinc salt, the ratio between zinc and tin 

precursors, the concentration of  the surfactant agent (H2O:EDA ratio), and the mineralizer (NaOH) 

concentration were studied with the aim of  obtaining ZTO nanowires. We are particularly 

interested in 1D structures given their ef f icient charge transport, crucial for conceiving 

nanoelectronic devices.47 

Herein we show a simple hydrothermal method where we can control the phase and shape 

of  the nanostructures, by tuning the chemical parameters of  the synthesis. ZnSnO3 nanowires  

were successfully achieved, without the support of  seed-layers and using two dif ferent zinc  

precursors.   

2.1.3. Experimental Section 

Nanostructures’ synthesis 

ZTO nanostructures were synthesized via hydrothermal method, using a modif ied version of  

the synthesis reported by Li et al.15, without the use of  a seed layer (in 15 a stainless steel mesh 

seed-layer is used). Figure 2.2a shows the schematic of  the synthesis where the precursor 

concentrations used were 0.020 M of  SnCl4∙5H2O and 0.040 M of  Zn(CH3COO)2∙2H2O. The 

precursors were separately dissolved in 7.5 mL of  water Millipore and were then mixed together. 

Af terwards, 7.5 mL of  the surfactant etylenediamine (EDA) were added and the mixture was left 

stirring for 30 min. Finally, 0.240 M of  NaOH were added. The precursors were smashed in a 

mortar before being added to water to help dissolution. The reagents used were all commercially 

available: zinc acetate dihydrate 99.0 % (Zn(CH3COO)2∙2H2O), sodium hydroxide ≥98 % (NaOH) 

and etylenediamine 99 % (EDA) f rom Sigma-Aldrich, tin (IV) chloride 5-hydrate (SnCl4∙5H2O) 

extra pure f rom Riedel-de Haën and zinc chloride 98 % (ZnCl2) f rom Merck. 
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To study the inf luence of  the zinc precursor, zinc acetate was replaced by zinc chloride, 

maintaining the same concentration of  zinc in the solution. Dif ferent Zn:Sn ratios (molar 

concentration) were studied, namely, 2:1, 1:1 and 1:2. The ratio between H2O and EDA was 

variated (H2O:EDA – 15:0, 9:6, 8:7, 7.5:7.5, 7:8, 6:9, 0:15), as well as the concentration of  NaOH 

(0.100 M, 0.175 M, 0.240 M and 0.350 M). When the solution was ready, it was transferred into a 

45 mL Tef lon-lined stainless-steel autoclave, f illing 33 % of  the total autoclave volume. The 

mixture was kept in an electric oven (Thermo Scientif ic) at 200 °C for 24 hours, with a heating  

ramp of  200 °C/h. The autoclave was cooled to ambient temperature naturally. The resultant  

precipitate, comprising the nanostructures, was centrifuged at 4000 rpm and washed several 

times with de-ionized water and isopropyl alcohol, alternately. The nanostructures were f inally 

dried at 60 °C, in vacuum, for 2 hours, as schematized in Figure 2.2b. 

 

Figure 2.2. Schematic representation of (a) the hydrothermal synthesis process and (b) drying of 
the nanostructures. 

 

Nanostructures’ characterization 

Structural characterization by X-Ray dif fraction (XRD) was performed using a PANalytical's 

X'Pert PRO MRD dif f ractometer with Cu Ka radiation. The XRD data was acquired in the 10 – 90 ° 

2θ range with a step size of  0.033 °, using the nanostructures in the form of  powder. Fourier-

transform inf rared (FTIR) spectroscopy data was recorded using an Attenuated Total Ref lectance 

(ATR) sampling accessory (Smart iTR) equipped with a single bounce diamond crystal on a 

Thermo Nicolet 6700 Spectrometer. The spectra were acquired with a 45° incident angle in the 

(a) 

(b) 
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range of  4000–525 cm−1 and with a 4 cm−1 resolution. Raman spectroscopy measurements were 

carried out in a Renishaw inVia Ref lex micro-Raman spectrometer equipped with an air-cooled 

CCD detector and a HeNe laser operating at 50 mW of  532 nm laser excitation. The spectral 

resolution of  the spectroscopic system is 0.3 cm -1. The laser beam was focused with a 50× Leica 

objective lens (N Plan EPI) with a numerical aperture of  0.75. An integration time of  2 scans (10 s 

each) was used for all measurements to reduce the random background noise induced by the 

detector, without signif icantly increasing the acquisition time. The intensity of  the incident laser 

was 50 µW. All spectra were obtained in triplicate for each sample at room temperature in the 

100–1600 nm range. Af ter measurements a baseline subtraction was performed in order to 

identify the dif ferent vibrational bands. The band gap of  the ZTO nanostructures was estimated 

f rom ref lectance spectra recorded in the 200–800 nm range with a PerkinElmer lambda 950 

UV/VIS/NIR spectrophotometer using the Tauc plot method. The photoluminesc ence (PL) 

measurements were performed at room temperature, using a PerkinElmer LS.55 instrument with 

a Xenon lamp as excitation source with an excitation wavelength of  325 nm. The morphology and 

element analysis of  the samples was performed using scanning electron microscopy (SEM) and 

energy dispersive X-ray spectroscopy (EDS) inside a Carl Zeiss AURIGA CrossBeam 

workstation.  

 

2.1.4. Results and Discussion 

Introduction: governing equations to obtain ZTO nanowires 

In a typical hydrothermal method to achieve ZTO nanostructures, the synthesis product is 

seldom composed by a single crystalline phase. In fact, ZnSnO3 nanowires, Zn2SnO4 

nanoparticles, nanocubes and octahedrons with nanoplates, ZnO nanowires, SnO2 nanoparticles 

and mixtures of  them are usually obtained (Figure 2.3).10  
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Figure 2.3. Representation of XRD peaks of ICDD cards of all the possible phases identified in 
the samples. The orth-ZnSnO3 card 00-028-1486 is represented to show the similarity with 
ZnSnO3 nanowires data. This card was however removed from inorganic crystal structure data. 

 

It is thus imperative to revise the governing equations representing the chemical processes  

to achieve each of  these phases when Zn and Sn precursors are present. The chemical reaction 

processes for the formation of  ZnSnO3 nanostructures can be represented by the equations:48  

                                    Zn2+ + Sn4+ + 6OH− →  ZnSn (OH)6 (1) 

ZnSn(OH)6 →  ZnSnO3 + 3H2O (2) 

Concerning Zn2SnO4, its formation can be represented as follows:15,44  

                                 Zn2+ + Sn4+ + 6OH− →  ZnSn (OH)6 ↓ (3) 

Zn2+ + 4OH − →  Zn(OH)4
2−  (4) 

ZnSn (OH)6 + Zn(OH)4
2− →  Zn2 SnO4 ↓ + 4H2 O + 2OH − (5) 

While these equations provide an ideal scenario to obtain ZnSnO3 and Zn2SnO4 

nanostructures, it has to be taken into account that the modif ication of  the concentration of  the 

precursors and the mineralizer during the reaction can promote the formation of  other 

species/structures. Moreover, both ZTO phases have ZnSn(OH)6 as an intermediate phase 

(Figure 2.3), which can also appear as an end product for synthesis with short durations and/or 

low temperatures. Given this, the detection of  OH- groups by FTIR spectroscopy reveals to be 

quite useful to infer about the completeness of  the reaction (Figure 2.4). 
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Figure 2.4. FTIR spectra of samples before the synthesis and after 24 h of synthesis for ZnAc 
and ZnCl2 best conditions. 

 

Regarding the formation of  ZnO nanostructures, it is normally associated with a high alkaline 

concentration 44 and it can be represented by: 

                                         Zn(OH)4
2− → ZnO ↓ + H2O + 2OH− (6) 

Where tin species are washed away af ter reaction. 

Finally, in respect to the SnO2 nanostructures,44 its formation is favored by a lower alkaline 

concentration and can be represented by the following equation:  

                                          Sn4+ + 3H2O ↔ H2 SnO3 + 4H+ (7) 

H2SnO3 → Sn O2 ↓ + H2O (8) 

H+ + OH− →  H2O (9) 

Similarly, to tin species in the case of  a highly alkaline environment, the zinc species are 

washed away af ter synthesis.  

While the cationic ratios and chemical parameters mentioned above dictate which 

nanostructures within the Zn-Sn-O system are obtained, understanding the growth mechanism 

for each nanostructure requires a detailed analysis on the ef fect of physical parameters such as 

time, temperature and pressure, which is presented in section 2.2.44,49,50 

OH groups 
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Influence of the Zn:Sn molar ratio 

The type of  precursor and the ratio between the metallic elements in the synthesis are crucial 

to def ine the nanostructures’ shape, size and crystallinity. We f irst studied the dif ferent ratios 

between zinc and tin precursors (2:1, 1:1 and 1:2) using two dif ferent zinc sources, zinc acetate 

(ZnAc) and zinc chloride (ZnCl2). For these studies a NaOH molar concentration of  0.240 M and 

a H2O:EDA volume ratio of  7.5:7.5 mL:mL were used, based on the synthesis reported by Li et 

al.,15  where Zn2SnO4 nanowires were grown on a stainless steel mesh for dye-sensitized solar 

cells application. 

Synthesis using ZnAc as the Zn precursor, with a Zn:Sn molar ratio of  1:2, results in 

inconclusive XRD analysis, showing the possible presence of  dif ferent phases, whose dif f raction 

peaks overlap (Figure 2.5a): tetragonal phase of  SnO2 (ICDD card 01-077-0452), ZnSnO3 

orthorhombic perovskite phase and Zn2SnO4  inverse spinel phase (ICDD card 00-024-1470). For 

the ZnSnO3 orthorhombic perovskite phase, peaks can be identif ied by the ICDD card 00-028-

1486. It should be noted that although this card was removed f rom the ICDD database due to the 

similarities with a mixture of  Zn2SnO4 and SnO2 phases, several reports in literature still refer to 

it.49,51–53 In fact, when we performed a peak indexation in dif ferent ZnSnO3 nanowires samples, 

an orthorhombic phase was always determined. These f indings are also supported by Raman 

analysis as will be discussed latter. 

 

Figure 2.5. XRD patterns for three different Zn:Sn molar ratios (1:2, 1:1 and 2:1) using (a) ZnAc 
precursor and (b) ZnCl2 precursor. Identification following ICDD card 00-028-1486 (deleted), 00-
024-1470 and 01-077-0452 (Figure 2.3).   
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SEM analysis (Figure 2.6a) supports the argument that some ZTO (ZnSnO3 and/or 

Zn2SnO4) nanowires are starting to form. This is reinforced by Raman spectroscopy analysis 

(Figure 2.7a), which shows the predominance of  the vibrational band at 631 cm -1 associated with 

the expansion and contraction of  the Sn-O bond peak,54 but also that peaks at 538 and 676 cm-1 

start to appear, corresponding to internal vibrations of  the oxygen tetrahedron in Zn2SnO4 and to 

the characteristic Raman M-O bonds stretching vibration mode in the MO6 octahedron of  ZnSnO3 

and/or Zn2SnO4, respectively.44 

 

Figure 2.6. SEM micrographs of nanostructures obtained with ZnAc precursor and Zn:Sn molar 
ratios of: (a) 1:2, (b) 1:1 and (c) 2:1. 

 

For synthesis with a 1:1 molar ratio of  Zn:Sn, ZnSnO3 nanowires are predominantly obtained, 

as shown by XRD and SEM analysis (Figure 2.5b and Figure 2.6b). The identif ication of  orth-

ZnSnO3 is not immediately clear: not only it can be mistaken with SnO2 (as seen before for 1:2 

Zn:Sn molar ratio), but also with Zn2SnO4 inverse spinel-cubic phase (ICDD card 00-024-1470 ).  

EDS analysis on isolated wires shows the ratio Zn:Sn of  1:1 (Figure 2.8), supporting the ZnSnO3 

phase, which was also identif ied by Kovacheva et al.55 on a similar XRD spectra. Raman 
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spectroscopy shows that the intensity of  the 676 cm-1 peak (Zn2SnO4 or ZnSnO3) increases while 

the intensity for the 538 cm-1 peak (Zn2SnO4) decreases, when compared with the sample using 

1:2 Zn:Sn ratio. This conf irms the predominance of  the ZnSnO3 phase for the ratio 1:1. (Figure 

2.7a).  While SnO2 nanoparticles could not be conf irmed by SEM analysis, deeper investigation 

using SEM and EDS revealed a plausible explanation for the SnO2 peak: Figure 2.8 shows that 

within the same sample some structures comprised by agglomerated nanowires could be found. 

Such structures were reported by Mao et al.56 and have been described as ZnO-doped SnO2. 

This can be explained by the higher solubility of  chlorides in solvents based on ethylenediamine 

when compared to acetates: the prior dissolution of  tin chloride would  lead initially to the formation 

of  SnO2 nanostructures, which could then be doped by the Zn present in the solution, which falls 

in line to the Zn and Sn distribution measured by EDS as seen in Figure 2.9 (see also Figure 

2.10). 

 

Figure 2.7. Raman shift for the three different Zn:Sn molar ratios (1:2, 1:1 and 2:1) using (a) ZnAc  
precursor and (b) ZnCl2 precursor.    

 

XRD data obtained for the synthesis with Zn:Sn molar ratio of  2:1 is similar to that of  1:1 

condition (Figure 2.5b), suggesting the presence of  ZnSnO3 perovskite phase. However, SEM in 

Figure 2.6c readily shows that besides the ZnSnO3 nanowires some other structures are present. 

A more detailed analysis reveals a mixture of  ZnSnO3 and Zn2SnO4 octahedrons and nanowires, 

microtubes comprised by agglomerates of  ZnSnO3 nanowires and ZnO nanoplatelets (Figure 
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2.11 and Figure 2.12). Raman spectroscopy data supports these results, showing the 

predominance of  the 676 cm-1 peak associated with ZnSnO3 and/or Zn2SnO4 over the 631 cm-1 

peak f rom SnO2, but also the presence of  the 538 cm-1 peak corresponding to Zn2SnO4. 

Furthermore a small peaks at 437 and 574 cm -1 are detected for this synthesis condition, 

attributed to a vibrational mode of  ZnO, concomitant with the SEM analysis.57  

 

Figure 2.8. SEM image and EDS element quantification of isolated ZnSnO3 nanowires produced 
by hydrothermal synthesis using ZnAc and a Zn:Sn molar ratio of 1:1.  

 

 

Figure 2.9. SEM micrograph and EDS maps of nanowire’ agglomerates obtained with the Zn:Sn 
molar ratio of 1:1 using ZnAc precursor, showing the higher presence of Sn and a residual Zn 
content. 



Chapter 2 – Hydrothermal synthesis of  zinc-tin oxide nanostructures 

 

63 

 

 

Figure 2.10. SEM image and EDS element quantification of SnO2-filled ZnSnO3 nanowires 
structures produced by hydrothermal synthesis using ZnAc and a Zn:Sn molar ratio of 1:1. 

 

 

 

Figure 2.11. SEM micrographs of different structures obtained with a Zn:Sn molar ratio of 2:1 
using ZnAc precursor: (a) ZnSnO3 octahedrons, (b) microtubes comprised by ZnSnO3 nanowires 
and (c) ZnO nanoplatelets.  

 

(a) (b)

(c)
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Figure 2.12. SEM image and EDS element quantification of Zn2SnO4 octahedrons produced by 
hydrothermal synthesis using ZnAc and a Zn:Sn molar ratio of 2:1.  

 

It can be concluded that for the ZnAc precursor a 1:1 Zn:Sn molar ratio is the one allowing 

to obtain ZnSnO3 nanowires without a large f raction of  other Zn- and/or Sn-based nanostructures.  

As such, this ratio was chosen for the following studies. It should be noted that Li et al. reported 

Zn2SnO4 nanowires following a similar synthesis but using a stainless steel mesh as seed, 

favoring the growth of  ZTO nanostructures similar to the cubic structure of  the seed. 15 

The same study was performed using ZnCl2 as zinc precursor, with the dif ferent Zn:Sn molar 

ratios of  1:1, 1:2, 2:1. Using a Zn:Sn molar ratio of  1:2 similar XRD data is obtained when 

compared to the ZnAc precursor, suggesting that a tetragonal phase of  SnO2 and/or a ZnSnO3 

perovskite phase exist (Figure 2.5b). SEM analysis reveals that both SnO2 nanoparticles and 

ZTO (ZnSnO3 and/or Zn2SnO4) nanowires are obtained, but now with more relevance to the later 

(Figure 2.13a). Raman spectroscopy data conf irms this, exhibiting a more intense peak for 

ZnSnO3 and/or Zn2SnO4 (676 cm-1) than for SnO2 (631 cm-1), as seen in Figure 2.7b. 

For a solution with Zn:Sn molar ratio of  1:1, the XRD spectra shows mainly the phase 

Zn2SnO4, as depicted in Figure 2.5b, with some small peaks attributed to ZnSnO3 and SnO2. 

SEM images show several types of  nanostructures: while ZnSnO3 nanowires are clearly observed 

(Figure 2.13b), a more detailed inspection also reveals a large amount of  Zn2SnO4 nanocubes 

(Figure 2.14). For the Zn:Sn molar ratio of  2:1 mostly ZnSnO3 nanowires are obtained (Figure 

2.13c). Still, a few ZnO columnar nanoplatelets with hexagonal phase (ICDD card 00-036-1451) 

are also shown in Figure 2.15c. These trends are conf irmed by the Raman analysis (Figure 

2.7b), analyzing the evolution of  peaks at 538 cm-1 (Zn2SnO4), 676 cm-1 (Zn2SnO4 and/or ZnSnO3) 

and 631 cm-1 (SnO2). Similar structures were already reported by Tian et al.58 for the synthesis of  

ZnO nanostructures. Figure 2.15a shows an example of  ZnSnO3 nanowire agglomerates 

obtained in this condition, which is shown by EDS to have a 1:1 Zn:Sn ratio (Figure 2.16).  

Curiously, by looking at the hexagonal form in the middle, we can suggest that the ZTO nanowires  

are grown f rom an initial hexagonal ZnO microtube/wire. The initial formation of  the ZnO 

nanowires can be attributed to the higher solubility of  ZnCl2 when compared to SnCl4∙5H2O,56 
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contributing to the faster formation of  these structures relatively to the ZnSnO3 nanowires, which 

is an issue when trying to obtain single phase ZTO nanostructures. However, according to 

Miyauchi et al. these ZnO nanowires can be removed with an acid solution of  HNO3,21 allowing to 

achieve only ZnSnO3 nanowires in the sample. As such, the Zn:Sn ratio of  2:1 was the selected 

condition for the following studies with the ZnCl2 precursor, allowing to obtain ZnSnO3 nanowires 

with an average length of  605 nm and a diameter around 65 nm.   

 

Figure 2.13. SEM micrographs of nanostructures obtained with ZnCl2 precursor and Zn:Sn molar 
ratios of: (a) 1:2, (b) 1:1 and (c) 2:1.  
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Figure 2.14. SEM micrographs of nanostructures obtained with ZnCl2 precursor showing that with 
a 1:1 Zn:Sn molar ratio results in a mixture between ZnSnO3 nanowires and Zn2SnO4 nanocubes. 

 

Figure 2.15. SEM micrographs of nanostructures obtained with ZnCl2 precursor with a 2:1 Zn:Sn 
ratio. Zoom in of (b) shows: (a) ZnSnO3 nanowire agglomerates and (c) ZnO nanoplatelets. 

 

Figure 2.16. SEM image and EDS element quantification of ZnSnO3 nanowire agglomerates 
produced by hydrothermal synthesis using ZnCl2 and a Zn:Sn molar ratio of 2:1.  

(a)

(b)

(c)
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For both zinc precursors, for the Zn:Sn molar ratio of  1:2, SnO2 nanoparticles are 

predominantly obtained, which can be attributed to the higher concentration of  tin precursor in the 

solution. Even so, the initial growth of  ZnSnO3 nanowires is already observed. When the molar 

ratio is 1:1, the results dif fer for the two precursors. For ZnAc this was shown to be the best ratio 

in terms of  promoting the growth of  a single phase of  ZnSnO3 nanowires. On the other hand, for 

ZnCl2, this ratio leads to a mixture of  Zn2SnO4 nanocubes (predominant) and ZnSnO3 nanowires. 

As for the 2:1 molar ratio of  Zn:Sn, it is the condition that promotes better results when using 

ZnCl2, resulting in ZnSnO3 nanowires (although mixed with ZnO nanowires), while for ZnAc a 

higher mixture of  phases, with predominance of  Zn2SnO4 nanocubes, is achieved.  

In summary, whichever the ratios, using ZnAc promotes the presence of SnO2 while using ZnCl2 
results in higher amounts of ZnO. This can be explained by the different precursors’ solubility: 
while SnCl4·5H2O is more soluble than ZnAc, promoting a faster growth of tin-based structures, 
ZnCl2 is more soluble than tin chloride, promoting a preferential growth of zinc-based structures.  

Table 2.1 presents the nanostructures sizes for the dif ferent conditions of  both zinc 

precursors, obtained through the SEM images and using the sof tware ImageJ. In general, it is 

possible to observe that the nanostructures produced using ZnCl2 as zinc precursor have longer 

sizes than the nanostructures produced using ZnAc. 

 

Table 2.1. Influence of Zn:Sn molar ratio in the type and average dimensions of the obtained 
nanostructures. Predominant structures, as determined by SEM-EDS, XRD and Raman data, are 
presented in bold. 

  ZnAc ZnCl2 

Zn:Sn Phases Length  Diameter  Phases   Length  Diameter 

2:1 

ZnSnO3 NWs  

Microtubes 

(agglomerates of 

ZnSnO3 NWs) 

ZnSnO3 Octahedrons  

Zn2SnO4 octahedrons 

ZnO nanoplatelets 

185 nm  

7 µm 

 

- 

- 

17 µm 

25 nm 

2 µm 

 

2 µm 

1 µm 

2 µm 

ZnSnO3 NWs 

  

ZnO NWs 

605 nm 

 

22 µm 

65 nm 

 

3 µm 

1:1 

ZnSnO3 NWs 

Microtubes 

(agglomerates of 

ZnSnO3 NWs) 

365 nm 

 

17 µm 

64 nm 

 

2 µm 

Zn2SnO4 NCs 

 

ZnSnO3 NWs 

- 

 

1 µm 

370 nm 

 

77 nm 

1:2 
SnO2 NPs 

ZTO NWs 

- 

40 nm 

12 nm 

12 nm 

SnO2 NPs 

ZTO NWs 

- 

140 nm 

15 nm 

25 nm 
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Influence of the surfactant concentration 

Oriented growth and morphological control of  nanostructures is highly dependent on the 

used surfactant. The ability for interfacial adsorption of  the surfactants can direct the crystals’ 

growth. This is dependent on their nature (nonionic, anionic, cationic or zwitterionic) and thus 

dif ferent surfactants can be preferred according to the dif ferent materials being employed and its 

desired shape.44,59 This section presents the study of  the inf luence of  the H2O:EDA volume ratio, 

for the two selected conditions f rom the previous study: Zn:Sn = 1:1 molar ratio using the ZnAc 

precursor and Zn:Sn = 2:1 molar ratio using the ZnCl2 precursor. The H2O:EDA volume ratios 

used were 15:0, 9:6, 8:7, 7.5:7.5, 8:7, 9:6 and 15:0 mL:mL. For all conditions the mineralizer’s  

(NaOH) concentration was kept as 0.240 M. 

For the ZnAc precursor and using only H2O as a solvent a mixture of  ZnSnO3 nanowires and 

Zn2SnO4 nanoplates and octahedrons comprised by nanoplates is obtained (Figure 2.17a and 

Figure 2.18a), with Zn2SnO4 being the predominant phase. These type of  octahedron structures 

were already reported by Ji et al.26. Increasing EDA up to 7.5:7.5 there is a trend for Zn2SnO4 

nanoparticles to disappear, while ZnSnO3 nanowires dimensions get larger. SnO2 nanoparticles 

initially appear as isolated structures moving to SnO2-f illed ZnSnO3 nanowires as EDA volume is 

increased (Figure 2.17a, Figure 2.18 and Figure 2.19a). For 7:8 volume ratio, there is an 

increase in the presence of  ZnO nanowires and ZnSnO3 nanoparticles with ordered face centered  

cubic structure (Figure 2.17a and Figure 2.18i and j), due to the higher amount of  EDA. Note that 

ZnSnO3 ordered face centered cubic structure and ZnSn(OH)6 exhibit coincident Raman peak 

(603 cm-1)50 and XRD peaks (Figure 2.19 and 2.3, respectively). Still, for this synthesis condition 

it is verif ied by FTIR analysis that no OH- groups are present (Figure 2.20), conf irming the ZnSnO3 

identif ication. The ratio 6:9 produces mainly ZnO nanowires and only a few ZnSnO3 nanoparticles 

as shown by SEM and XRD (Figure 2.18m and Figure 2.17a, respectively).  When no H2O is 

used as solvent (0:15) it is obtained mostly SnO2 nanoparticles and ZnO nanowires, with some 

ZnSnO3 nanoparticles being also present (Figure 2.17a and Figure 2.18o). These results are 

conf irmed by Raman spectroscopy (Figure 2.19a) and can be explained by the signif icantly 

higher solubility of  SnCl4∙5H2O in EDA compared to ZnAc, inducing a faster and preferential 

growth of  SnO2 nanoparticles and the later growth of  ZnO nanowires. Still, probably due to the 

long duration of  the synthesis, some ZnSnO3 nanoparticles are grown, since as previously 

discussed ZTO nanostructures can originate f rom SnO2 nanostructures.  
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Figure 2.17. XRD patterns when using (a) ZnAc precursor (with 1:1 Zn:Sn ratio) and (b) ZnCl2 
precursor (with 2:1 Zn:Sn ratio), for different H2O:EDA volume ratios. Identification following ICDD 
card 00-028-1486 (deleted), 00-011-0274, 00-024-1470, 01-077-0452 and #06-1451 (Figure 
2.3). 

 

For ZnCl2 as precursor and when using only water as a solvent (15:0 H2O:EDA), Zn2SnO4 

nanoparticles with octahedral shape are obtained (Figure 2.18b). The XRD spectra (Figure 

2.17b) shows a pure cubic spinel-type phase for these nanostructures. This is the most stable 

phase and shape for zinc-tin oxide in the absence of  EDA, in line with the literature even for other 

conditions of  hydrothermal synthesis.26,60,61 With the addition of  EDA, for a H2O:EDA ratio 9:6, 

Zn2SnO4 nanostructures with a dif ferent shape than the octahedral and some ZnSnO3 nanowires  

are obtained, as seen by SEM (Figure 2.18d). By XRD (Figure 2.17b) it can be verif ied the 

mixture of  ZnSnO3 and Zn2SnO4 phases, being Zn2SnO4 still predominant. Increasing EDA’s 

concentrations (8:7, 7.5:7.5 and 7:8) the size of  ZnSnO3 nanowires is increased and this phase 

becomes predominant. As Figure 2.18f  shows, for the 8:7 ratio, only ZnSnO3 nanowires are 

grown, but they present a large size distribution.  
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Figure 2.18. SEM micrographs of the nanostructures obtained by synthesis using ZnAc/ZnCl 2 as 
precursors, respectively, with the different H2O:EDA volume ratios of: (a)/(b) 15:0, (c)/(d) 9:6, 
(e)/(f) 8:7, (g)/(h) 7.5:7.5, (i) and (j)/(k) and (l) 7:8, (m)/(n) 6:9, (o)/(p) 0:15.  

 

For the 7.5:7.5 ratio, ZnSnO3 and large wires of  ZnO are obtained, as it was already 

discussed in section Introduction: governing equations to obtain ZTO nanowires. For the 7:8 ratio 

the ZnSnO3 nanowires are highly agglomerated, as shown in Figure 2.18l. These structures are 

similar to the obtained for ZnAc (7.5:7.5, Zn:Sn = 1:1), as described by Mao et al.56. The H2O:EDA 

ratio of  6:9 gives miscellaneous results, as Figure 2.18n and Figure 2.21 show, with a mixture of  

several types of  structures being obtained. It is possible to observe Zn2SnO4 nanocubes and 
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octahedrons comprised by nanoplates, ZnSnO3 nanowires, SnO2 nanoparticles and also ZnO 

columnar nanoplatelets agglomerates, with all of  these phases being identif ied by XRD (Figure 

2.17b). Using only EDA (0:15), ZnSnO3 nanoparticles and ZnO nanowires are formed (Figure 

2.18p). The strong ZnO peaks in XRD (Figure 2.17b) appear due to the large size of  ZnO 

nanowires when comparing with the ZnSnO3 nanoparticles.  Overall, the XRD (Figure 2.17b) 

shows that for higher EDA’s concentration, the formation of  ZnO becomes preferential over ZTO, 

which is in agreement with the SEM/EDS and Raman (Figure 2.19b) analysis. This preferential 

formation of  ZnO nanostructures for the higher EDA conditions can be explained by the strong 

coordination ability between the ZnCl2 and EDA molecules.62,63   

 

 

Figure 2.19. Raman shift for the different H2O:EDA volume ratios (15:0, 9:6, 8:7, 7.5:7.5, 7:8, 6:9 
and 0:15) using (a) ZnAc precursor and (b) ZnCl2 precursor.  

 

FTIR analysis helps to understand and to explain the results for the synthesis where EDA 

has a higher concentration than H2O. Figure 2.20a shows that when using ZnAc as zinc  

precursor, for the conditions with H2O:EDA ratios of  7:8, 6:9 and 0:15, precursor or solvent 

residuals are still present in the f inal product, due to the low solubility of  ZnAc in EDA. In 

comparison, for the synthesis using ZnCl2, residuals are observed when only EDA is used as a 

solvent (Figure 2.20b), which can be attributed to the higher solubility of  ZnCl2 in EDA, comparing 

to that of  ZnAc. For all the other conditions no precursor peaks can be traced by FTIR analysis.  
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Figure 2.20. FTIR spectra of samples with different H2O:EDA concentrations for (a) ZnAc and (b) 
ZnCl2. 

 

 

Figure 2.21. Mixture of nanostructures obtained with ZnCl2 precursor with a H2O:EDA volume 
ratio of 6:9: (a) Zn2SnO4 octahedrons comprised by nanoplates, (b) ZnO columnar nanoplatelets 
and (c) SnO2 nanoparticles.  

 

Table 2.2 summarizes the type of  nanostructures obtained for the dif ferent conditions and 

their respective dimensions. The trend verif ied in the previous study regarding the longer sizes of  

nanostructures synthesized using ZnCl2 as compared to ZnAc is again observed here. It is also 

reinforced the higher presence of  Sn-based structures in the synthesis using ZnAc, and a 

predominance of  Zn-based structures in the synthesis using ZnCl2. The addition of  EDA favors 

the formation of  ZnSnO3 nanowires over the more energetically stable Zn2SnO4 nanoparticles, 

which we attribute to the pH increase, as reported by Miyauchi et al.21. Up to a certain EDA 

concentration the length and diameter of  these nanowires are increased. For both precursors, an 

optimal H2O:EDA volume ratio of  7.5:7.5 was determined for the formation of  ZnSnO3 nanowires. 

As the EDA concentration is increased beyond this point ZnO nanostructures start to be dominant, 

even for the ZnAc precursor. This suggests that the predominant factor def ining the type of  

nanostructure obtained in an environment with a high EDA concentration starts to be the pH value, 

as will be discussed in more detail the next section. Thus, despite the relevance of  EDA to achieve 

the desired ZTO nanowires, the presence of  the water is imperative to the formation of  these 

nanostructures, not only to assure the complete dissolution of the precursors, but also to balance 

the pH in solution. 
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Table 2.2. Influence of H2O:EDA volume ratio in the type and average dimensions of the obtained 
nanostructures. Predominant structures, as determined by SEM-EDS, XRD and Raman data, are 
presented in bold.  

 ZnAc ZnCl2 

H2O:EDA Phases Length  Diameter Phases Length Diameter 

15:0 

Zn2SnO4   

nanoplates  

octahedrons 

ZnSnO3 NWs 

 

- 

- 

180 nm 

 

920 nm 

1 µm 

30 nm 

Zn2SnO4  

octahedrons  
- 330 nm 

9:6 
ZnSnO3 NWs 

SnO2 NPs 

120 nm 

- 

25 nm 

30 nm 
Zn2SnO4 NPs - 19 nm 

8:7 ZnSnO3 NWs 536 nm 70 nm ZnSnO3 NWs 
322 nm 

89 nm 

35 nm 

28 nm 

7.5:7.5 

ZnSnO3 NWs 

Microtubes 

(agglomerates of ZnSnO3 

NWs) 

365 nm 

17 µm 

 

64 nm 

2 µm 

 

ZnSnO3 NWs  

 

ZnO NWs 

605 nm 

 

22 µm 

65 nm 

 

3 µm 

7:8 
ZnO NWs 

ZnSnO3 NPs 

9 µm 

- 

2 µm 

1 µm 

ZnSnO3 NWs 

Agglomerates 

390 nm 

10 µm 

65 nm 

3 µm 

6:9 

ZnO NWs 

 

ZnSnO3 NPs 

16 µm 

 

- 

2 µm 

 

85 nm 

ZnSnO3 NWs 

Zn2SnO4 

Octahedrons  

NCs 

SnO2 NPs 

ZnO columnar 

nanoplatelets 

agglomerates 

440 nm 

 

- 

- 

- 

 

2 µm 

 

26 nm 

 

411 nm 

243 nm 

32 nm 

 

545 nm 

 

0:15 

ZnO NWs 

ZnSnO3 NPs 

SnO2 NPs 

16 µm 

- 

- 

2 µm 

18 nm  

18 nm 

ZnO NWs 

ZnSnO3 NPs 

4 µm 

- 

310 nm 

17 nm 

 

Influence of NaOH concentration 

NaOH plays an important role in the growth of  the nanostructures, acting as a mineralizer 

agent, having a direct inf luence on the def inition of  the crystalline phase that is produced.  

Based on the previous studies presented in this manuscript, the synthes is conditions for this 

study were set as: Zn:Sn = 1:1 ratio when using the ZnAc precursor, Zn:Sn = 2:1 ratio with the 

ZnCl2 precursor, keeping a H2O:EDA ratio of  7.5:7.5 in both conditions. Concentrations of  NaOH 

of  0.100 M, 0.175 M, 0.240 M and 0.350 M were used to understand the inf luence of  the 

mineralizer on the synthesis. The results for both zinc precursors presented the same trend, being 
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discussed here simultaneously. With the poorer concentration of  NaOH (0.100 M) synthesis 

results in SnO2 nanoparticles, whichever precursor used, as seen in Figure 2.22 and Figure 2.23. 

Lehnen et al.12 explained this behavior as an ef fect of the fast hydrolysis of Sn4+ cations, leading 

to the preferential formation of  SnO2. With the increasing of  the NaOH concentration to 0.175 M, 

SnO2 nanoparticles are still obtained, but Zn2SnO4 nanoparticles are now predominant. Still, SnO2 

is more evident for the ZnAc precursor, as shown in the XRD spectra (Figure 2.22a), which would 

be expected based on the higher solubility of  SnCl4∙5H2O compared to ZnAc. Increasing the 

NaOH concentration to 0.240 M, the Zn2SnO4 phase is no longer present and ZnSnO3 nanowires 

are now produced, both in dispersed and in agglomerate shapes, as well as some ZnO nanowires  

as already discussed in section Influence of the Zn:Sn molar ratio. Finally, for the NaOH 

concentration of  0.350 M, only ZnO nanowires are obtained when using ZnCl2, while when using 

ZnAc both ZnO nanowires and ZnSnO3 nanoparticles (ICDD card 00-011-0274) are observed. 

This trend of  preferentially growth of  ZnO in alkaline solutions is well known, since divalent metal 

ions do not hydrolyze in acidic environments.64 Even with higher concentrations of  NaOH 

(0.500 M) the resulting structures were verif ied to be the same as for 0.350 M, but with a lower 

reaction yield. These results are in agreement with the literature, as Lehnen et al.12 showed the 

same tendency for specif ic pH values: for pH ≈ 1 SnO2 nanoparticles are obtained, pH ≈ 8.5 yields 

Zn2SnO4 nanoparticles, and higher pH values yields ZnO mixed with ZnSn(OH)6.  

     

 

Figure 2.22. XRD pattern of the nanostructures obtained for different NaOH concentrations, using 
(a) ZnAc and (b) ZnCl2 as zinc precursors. Identification following ICDD card 00-028-1486 
(deleted), 00-011-0274, 00-024-1470, 01-077-0452 and 00-036-1451 (Figure 2.3). 
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Figure 2.23. SEM micrographs of the nanostructures obtained by synthesis using different NaOH 
concentrations. 

 

Our results show a similar trend, i.e., lower pH leads to SnO2 structures and higher pH favors 

ZnO ones, even if  the starting pH (without adding NaOH) is already 12. As such, this trend is not 

dependent on the pH value itself , but on the variation of  the NaOH concentration for a specific 

synthesis. 

Table 2.3 summarizes all these f indings, showing that low mineralizer concentrations favor 

the growth of  tin oxide structures over zinc oxide ones, with the trend being reversed as the NaOH 

concentration increases. Having in mind the specif ic goal of  obtaining ZTO nanowires, the 

ZnCl2ZnAc

0.100 M

0.175 M

0.240 M

0.350 M

NaOH 

concentration



Chapter 2 – Hydrothermal synthesis of  zinc-tin oxide nanostructures 

 

77 

 

optimum mineralizer concentration is around 0.240 M. As seen in the previous sections, data in 

Figure 2.23 and Table 2.3 reinforce the trend of  obtaining nanostructures with larger dimensions 

using ZnCl2 precursor instead of  ZnAc, given the higher solubility of  ZnCl2. 

 

Table 2.3. Influence of NaOH concentration in the type and average dimensions of the obtained 
nanostructures. Predominant structures, as determined by SEM-EDS, XRD and Raman data, are 
presented in bold. 

 ZnAc ZnCl2 

NaOH 

Concentration 
Phases  Length  Diameter Phases Length  Diameter  

0.100 M SnO2 NPs - 17 nm SnO2 NPs - 15 nm 

0.175 M 
Zn2SnO4 NPs 

SnO2 NPs 

- 

- 

60 nm 

25 nm 

Zn2SnO4 NPs 

SnO2 NPs 

- 

- 

100 nm 

20 nm 

0.240 M 

ZnSnO3 NWs 

Microtubes 

(agglomerates 

of ZnSnO3 NWs) 

365 nm 

 

17 µm 

 

64 nm 

 

2 µm 

 

ZnSnO3 NWs  

 

ZnO NWs 

605 nm 

 

22 µm 

65 nm 

 

3 µm 

0.350 M 
ZnSnO3 NPs  

ZnO NWs 

- 

12 µm 

120 nm 

2 µm 
ZnO NWs 15 µm 2 µm 

 

 

2.1.5. Conclusions 

ZnSnO3 nanowires produced by a solution process without the use of  a seed -layer and with 

temperatures of  only 200 °C were reported for the f irst time. To accomplish this, the work 

presented a detailed study on the inf luence of  the dif ferent chemical parameters on the 

hydrothermal synthesis of  ZTO nanostructures. More specif ically the role of  Zn:Sn ratio, surfactant 

concentration (EDA) and mineralization agent (NaOH) concentration for two zinc precursors 

(ZnAc and ZnCl2) was studied. Adjusting these parameters, the potential to achieve ZTO 

structures with dif ferent phases and morphologies was shown. It was found that an intricate 

interdependence of  the dif ferent chemical parameters would enable multiple synthesis conditions 

to result in the f inal goal of  obtaining ZTO nanowires. Still, it was concluded that ZnCl2 allowed 

for a more stable (with less mixture of  phases/structures) and more reproducible reaction than 

ZnAc, with longer ZnSnO3 nanowires being obtained. Hence, the best condition proved to be 

using ZnCl2 as zinc precursor, with a Zn:Sn molar ration of  2:1, H2O:EDA volume ratio of  

7.5:7.5 mL:mL and a NaOH concentration of  0.240 M. These ZnSnO3 nanowires presented 

lengths and diameters around 600 nm and 65 nm, respectively.  
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2.2. ZnSnO3 nanowires synthesis: influence of the physical 

parameters  

2.2.1. Abstract 

 ZnSnO3 semiconductor nanostructures have several applications as photocatalysis, gas 

sensors, and energy harvesting. However, due to its multicomponent nature, the synthesis is far 

more complex than its binary counter parts. The complexity increases even more when aiming 

for low-cost and low-temperature processes as in hydrothermal methods. Knowing in detail the 

inf luence of  all the parameters involved in these processes is imperative, in order to properly 

control the synthesis to achieve the desired f inal product. Thus, this paper presents a study of  the 

inf luence of  the physical parameters involved in the hydrothermal synthesis of  ZnSnO3 nanowires, 

namely volume, reaction time, and process temperature. Based on this study a growth 

mechanism for the complex Zn:Sn:O system is proposed. Two zinc precursors, zinc chloride and 

zinc acetate, were studied, showing that although the growth mechanism is inherent to the 

material itself , the chemical reactions for dif ferent conditions need to be considered.  

2.2.2. Introduction 

The multicomponent nature of  ZTO makes the synthesis process quite challenging, given 

the dif ferent ionic sizes and dif fusivity of  the cations. Furthermore, each ZTO structure has 

dif ferent nucleation and growth times and requires a specif ic range of  synthesis temperature.65 

For these reasons, a comprehensive study on the synthesis of  ZTO nanostructures is needed. 

Studies on the inf luence of  chemico-physical parameters on the hydrothermal synthesis of  ZTO 

have been reported, showing the possibility to control the shape and type of  the nanos tructures 

and consequently the electrical, optical, and mechanical properties .10,26,44 In section 2.1, we 

reported a thorough description of  the inf luence of  dif ferent hydrothermal synthesis’ chemical 

parameters in the growth of  ZTO nanostructures.66 This work was conducted without employing 

any seed-layer; hence, the obtained structures depend exclusively on the chemico -physical 

parameters of  the synthesis. Moreover, the obtained nanostructures are produced in form of  

powder, which in conjunction with a variety of  transfer methods, allow for a higher degree of  

f reedom for integration on dif ferent substrates,45 without contamination f rom the seed-layer 

material.46 In the last decade, the physical parameters of  solution-based synthesis have also been 

studied showing that they have a large inf luence in the growth of  the nanostructures. Zeng et al. 

reported the inf luence of  temperature and time,44 showing that in order to achieve Zn2SnO4 

nanocrystals, a temperature of  200 °C and at least 20 h of  reaction time are needed. Gou et al. 

studied the evolution of  ZnSnO3-orth nanoplates with the time and temperature of  the synthesis, 

showing that producing these type of  structures required 12 h at 260 °C, for that specif ic solution 

process.8 These structures were applied to nanogenerators, in a composite with PDMS, resulting 
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in a piezoelectric coef f icient (d33) of  49 pC/N. This value is more than three times than the typically 

reported for ZnO nanostructures.67 

In this section, the ef fect of  the physical parameters on the hydrothermal synthesis of  ZTO 

nanostructures, namely the inf luence of  the volume of  solution, temperature, and reaction time of  

the synthesis, is shown. In line with our previous work about the ef fect of the chemical conditions, 

this study is orientated towards the synthesis of  ZTO nanowires, more specif ically ZnSnO3, which 

properties allow to envisage application on numerous next-generation nanoscale devices such 

as nanogenerators,34,35,68 sensors,31–33 photocatalysis,30 solar cells,37 resistive switching 

memories,13,36 and transistors.16,23 Moreover, we have previously shown that the structures 

synthetized using this hydrothermal method have properties that are similar to those produced by 

expensive and high-temperature methods,66 thus, being promising materials for a new wave of  

multifunctional and low-cost devices. 

2.2.3. Materials and Methods 

Nanostructures’ Synthesis 

ZnSnO3 nanowires were synthesized via hydrothermal method in a conventional oven, using 

the same methodologies and reagents reported previously by our group.66 The most favorable 

chemical conditions to produce ZnSnO3 nanowires previously obtained in 66 using tin (IV) chloride 

5-hydrate (SnCl4·5H2O) as tin precursor and both zinc chloride (ZnCl2) and zinc acetate 

(Zn(CH3COO)2, ZnAc) as zinc precursors were maintained in this work. Brief ly the ZTO 

hydrothermal synthesis was performed by dissolving the zinc (0.02 M/0.0657 g of  ZnAc or 

0.04 M/0.0818 g of  ZnCl2) and tin (0.02 M/0.1050 g) precursors separately in 7.5 mL of  deionized 

water and then mixed together, 7.5 mL of  the surfactant ethylenediamine (EDA) were then added 

and lef t stirring for 30 min, af ter which the mineralizer sodium hydroxide (NaOH, 0.24 M/0.1450 g) 

was added. The solution was then transferred into a 45 mL Tef lon-lined stainless-steel autoclave 

(Parr Acid Digestion Bombs, no 4744, Moline, Ill., USA), and kept in an electric oven (Thermo  

Scientif ic, Waltham, Mass., EUA) varying the temperature and the reaction time, using a heating  

ramp of  200 °C/h. Aiming to study the inf luence of  the physical parameters in the ZTO 

nanostructures growth, we varied the mixture volume (7.5 mL, 11 mL, and 15 mL), the synthesis 

temperature (150 °C, 180 °C, 200 °C, and 220 °C), and reaction time (2 h, 8 h, 12 h, 18 h, 24 h, 

36 h, and 48 h). Af ter the synthesis time, the autoclave was cooled to ambient temperature, 

naturally. The f inal product (white precipitate) comprising the nanostructures, was alternately  

washed with deionized water and isopropyl alcohol (at least 5 times) and centrifuged at 4000 rpm. 

Af ter washed, the nanostructures were dried at 60 °C, in vacuum, for 2 h. As was previously 

reported,66 the syntheses present a good reproducibility, especially when using ZnCl2 due its 

better solubility in ethylenediamine. 
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Nanostructures’ Characterization 

The nanostructures were characterized following similar equipments/methodologies to the 

ones described in section 2.1. 

2.2.4. Results and Discussion 

Reaction Mixture Volume 

A hydrothermal process is a method to produce single and polycrystalline structures, in 

aqueous solution at high temperature and high pressure. Both reaction mixture volume and 

temperature are determinant to the pressure inside the autoclave, consequently def ining the 

growth of  the nanocrystals. However, the phase transformation mechanism that occurs in 

polymorphs materials under high pressure is not completely controlled and understood .69 

In order to study the inf luence of  the pressure caused by the solution’s volume in the ZnSnO3 

nanowires growth in this specif ic hydrothermal method, volumes of  7.5 mL, 11 mL, and 15 mL 

were tested, representing 17 %, 24 %, and 33 % of  the autoclave volume, respectively. The 

temperature was f ixed at 200 °C and the reaction time was 24 h.  

In general, a mixture of  ZnO nanowires, SnO2 nanoparticles, and Zn2SnO4 nanostructures 

can be found in these syntheses, still with the increasing of  the mixture volume mainly ZnSnO3 

nanowires are obtained. Figure 2.24a shows small dif ferences in the XRD pattern for the dif ferent 

volumes when using the ZnCl2 precursor. The most signif icant dif ference is the peak at 32 ° 

appearing for the volumes of  11 and 15 mL, attributed to ZnO phase. Raman analysis (Figure 

2.25a) shows an intense peak at 437 cm−1, characteristic of  ZnO,70 being this peak more intense 

for 11 mL, in agreement with the XRD data. The SEM images in Figure 2.26 clearly show that 

less volume gives rise to smaller nanowires. As we previously identif ied in Reference 66, when a 

volume of  15 mL was used, these nanowires have the ZnSnO3 orthorhombic perovskite phase, 

represented by the card 00-028-1486. Even if  this card has been used before in several 

reports,49,51–53 it was deleted f rom ICDD database due to matching peaks with the mixture of  SnO2 

and Zn2SnO4. Although in 00-028-1486 card the peak with most intensity is at 26 °, this peak 

corresponds to the 012 plane, which is not the preferential orientation of  the nanowires when 

measured in XRD. In order to conf irm the ZnSnO3 identif ication, we performed peak indexing in 

dif ferent samples, which always showed matching to an o rthorhombic phase characteristic of  

ZnSnO3 and not of  Zn2SnO4 and SnO2 mixture. EDS analysis conf irms the 1:1 Zn:Sn ratio of  the 

nanowires (Figure 2.27), reinforcing the hypothesis of  the ZnSnO3 phase. Nevertheless, Raman 

analysis suggests that both ZnSnO3 and Zn2SnO4 should be present in the sample, given the 

characteristic peaks identif ied at 538 cm−1 and 676 cm−1.44 
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Figure 2.24. XRD patterns when using (a) ZnCl2 precursor (with 2:1 Zn:Sn ratio) and (b) ZnAc 
precursor (with 1:1 Zn:Sn ratio), for different solution mixture volumes (7.5 mL, 11 mL, and 
15 mL). Identification following ICDD card 00-028-1486 (ZnSnO3-orth, deleted), 00-024-1470 
(Zn2SnO4), 01-077-0452 (SnO2), and 00-06-1451 (ZnO). 

 

When ZnAc is used as the zinc source the presence of  ZnO is partially or even completely 

suppressed. Similar to the results obtained using ZnCl2, longer ZnSnO3 nanowires are obtained 

for higher volumes of  solution mixture. While for the lower volume (7.5 mL) Zn2SnO4 is the 

predominant phase, for 11 mL, ZnSnO3 nanowires are predominant, although some Zn2SnO4 

nanostructures are also observed (Figure 2.28) and ultimately for 15 mL, ZnSnO3 nanowires are 

the predominant structures. SnO2 can also be identif ied by XRD (Figure 2.24b), even if  it is not 

clear by Raman (Figure 2.25b) for all the conditions. The presence of  residual ZnO/SnO2 for 

synthesis using the ZnCl2/ZnAc precursors, is attributed to the Zn precursor’s higher/lower 

solubility in ethylenediamine when compared to the SnCl4.5H2O, leading to an earlier availability 

of  Zn/Sn species in the synthesis.66 
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Figure 2.25. Raman shift of different reaction mixture volumes, 7.5 m L, 11 mL and 15 mL, using 
(a) ZnCl2 (Zn:Sn molar ratio of 2:1) and (b) ZnAc (Zn:Sn molar ratio of 1:1) as zinc precursor, at 
200 °C, for 24 h. Where: vibrational band at 631 cm −1 is associated with the expansion and 
contraction of the Sn−O bond peak, peaks at 538 and 676 cm −1 correspond to internal vibrations 
of the oxygen tetrahedron in Zn2SnO4 and to characteristic Raman M−O bonds stretching 
vibration mode in the MO6 octahedron of ZnSnO3 and/or Zn2SnO4, respectively; and peaks at 
437 cm -1 and 574 cm−1 are attributed to vibrational modes of ZnO.44,50,70 
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Figure 2.26. SEM images of nanostructures obtained for different reaction mixture volumes, 
7.5 mL, 11 mL, and 15 mL, using ZnCl2 and ZnAc as zinc precursor. 

 

 

Figure 2.27. SEM image and EDS element quantification of ZnSnO3 nanowires produced by 
synthesis using ZnCl2, a Zn:Sn molar ratio of 2:1, a volume 15 mL at 200 °C for 24 h. This analysis 
shows Zn:Sn ratio of 1:1, supporting identification of the ZnSnO3 phase. The higher than expected 
atomic concentration of oxygen can be attributed to the carbon tape.  

 



Chapter 2 – Hydrothermal synthesis of  zinc-tin oxide nanostructures 

 

84 

 

 

Figure 2.28. SEM image and EDS element quantification of isolated Zn2SnO4 nanostructures 
produced by synthesis using ZnAc, a Zn:Sn molar ratio of 1:1 using a volume of 11 m L at 200 °C 
for 24 h. 

 

Nakayama et al. reported a theoretical study where the relation between the enthalpy and 

pressure for the system Zn–Sn–O was investigated.71 They showed that the global energy 

minimum corresponds to the mixed phases Zn2SnO4 and SnO2. Our experimental results are in 

agreement with this study, as for lower volume and consequently lower pressure, the formation 

of  Zn2SnO4 and SnO2 nanoparticles is favored, although mixed with ZnSnO3 nanowires.  

Moreover, in 2010 Gou et al. also reported a theoretical study about the ZnSnO3 phase transition 

under pressure.69 According to the authors the ZnSnO3 synthesis at low-temperature (<700 °C) 

is unfavorable, leading to a mixture of  phases, mainly due to its positive formation enthalpies. 

This decomposition has also been reported to occur at temperature above 500 °C.10,50 Taking into 

account the temperature used in this study (200 °C), our results are in fair agreement with this, 

since with decreasing volume, and consequently pressure, the trend is to achieve higher mixture 

of  phases while the more homogeneous ZnSnO3 nanowires are obtained when using the higher 

solution volume, 15 mL. The high pressure inside the autoclave, characteristic of  a hydrothermal 

method, supplies high energy levels to the reaction, leading to an acceleration of  the nucleation 

processes at even lower temperatures. For the reasons explained, 15 mL was the volume used 

for both precursors for the next studies presented here. 

Synthesis Temperature 

To understand the growth mechanisms of  ZTO nanostructures, one needs to have in mind 

the chemical reaction processes. Based on dif ferent reports, the ZnSnO3 nanostructures 

formation follows the equations (1)-(5) presented in section 2.1.8,48,49 

ZnSnO3 can have the fcc or the orthorhombic structures, and these two dif ferent structures 

present dif ferent heat of  formation and total energies. Gou et al. presented these values for the 

dif ferent possible structures of  ZnSnO3.69 On the other hand, it is already well-known that the 

ZnSnO3 phase is metastable and according,  for example, to the study reported by Bora et al. this 
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phase suf fers a decomposition into the thermodynamically stable phases Zn2SnO4 and SnO2 at 

temperatures higher than 500 °C.10,11,50 This decomposition can be represented by the following 

equation: 

                                          2ZnSnO3 → Zn2SnO4 + SnO2. (10) 

However, it is clear that above atmospheric pressure, as in the case of  the hydrothermal 

method, and depending of  the reaction mixture, the temperature at which the decomposition 

occurs can change. 

In order to investigate the ef fect of  temperature in the specif ic conditions of our syntheses, 

four dif ferent temperatures were used: 150 °C, 180 °C, 200 °C, and 220 °C, while maintaining all 

the other conditions and keeping the volume of  the solution mixture at 15 mL. 

SEM images, in Figure 2.29, show that at 150 °C, mainly nanoparticles are obtained. In the 

XRD pattern (Figure 2.30) a mixture of  phases (ZnSn(OH)6 and Zn2SnO4 and/or ZnSnO3) can be 

observed using ZnCl2, while when using ZnAc, only Zn2SnO4 is identif ied. Raman analysis 

(Figure 2.31) is in agreement with these results, showing the peak at 603 cm−1, characteristic of  

ZnSn(OH)6 (only for ZnCl2) and the characteristics peaks of  ZTO for both Zn sources (538 cm−1 

and 676 cm−1). It is important to refer that the 603 cm−1 vibrational band is not only a characteristic 

peak of  ZnSn(OH)6, but also of  fcc-ZnSnO3 that could also be present in these samples.50 

However, FTIR analysis supports the ZnSn(OH)6 hypothesis by showing OH- groups for 

wavenumbers above 3000 cm−1 (Figure 2.32a), corresponding to ZnSn(OH)6. In EDS analysis, 

shown in Figure 2.33, it can be seen that the nanoparticles obtained using ZnAc have the Zn:Sn 

ratio of  2:1 corresponding to the Zn2SnO4 phase. 

Increasing the temperature to 180 °C, some nanowires can be viewed in SEM when using 

the ZnCl2 precursor (Figure 2.29), which can be ZnSnO3 according to the XRD (Figure 2.30a). 

Still, at this temperature, OH- groups are very evident f rom the FTIR analysis (Figure 2.32a) for 

both zinc precursors, with XRD showing predominantly the ZnSn(OH)6 phase, an intermediate 

stage of  the ZnSnO3 formation. Zeng et al. also showed that for temperatures lower than 200 °C 

ZnSn(OH)6 is the predominant phase.44 Nevertheless, XRD also shows that other phases are 

present (Figure 2.30). In fact, EDS (Figure 2.34) and Raman (Figure 2.31) conf irm this by 

showing a reasonable amount of  Zn2SnO4 octahedrons, especially when using ZnAc as 

precursor. It means that, as already discussed, at these lower temperatures, and consequently 

lower pressures, the formation of  the thermodynamically more stable Zn2SnO4 nanoparticles is 

promoted. The lower solubility of  ZnAc in ethylenediamine, when compared to ZnCl2, can explain 

why a higher mixture of  phases is seen for this case. 
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Figure 2.29. SEM images of the nanostructures obtained using the previous best conditions 
(15 mL) for each zinc precursor (ZnCl2 and ZnAc) at different temperatures: 150 °C, 180 °C, 
200 °C and 220 °C. 
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Figure 2.30. XRD patterns when using (a) ZnCl2 precursor (with 2:1 Zn:Sn ratio) and (b) ZnAc 
precursor (with 1:1 Zn:Sn ratio), at different temperatures: 150 °C, 180 °C, 200 °C, and 220 °C. 
Identification following ICDD card 00-028-1486 (ZnSnO3-orth—deleted), 00-011-0274 (ZnSnO3-
fcc), 00-024-1470 (Zn2SnO4), 01-077-0452 (SnO2), and 00-06-1451 (ZnO). 

 

The samples at 200 °C were already described in the previous section and result mainly in 

ZnSnO3 nanowires. For this temperature, as seen in Figure 2.32, FTIR analysis conf irms that no 

OH- groups are present, meaning that the intermediate phase ZnSn(OH)6 is no longer obtained 

at this temperature. It should be added that FTIR also shows that all the reagents were completely 

consumed. 

Increasing the temperature to 220 °C leads to the formation of  SnO2 and Zn2SnO4 phases, 

even if  the ZnSnO3 nanowires are still predominant. While it is not evident in the XRD pattern, 

through Raman analysis (Figure 2.31) their presence is clear since it is possible to observe the 

631 cm−1 and 538 cm−1 peaks, characteristic of  Sn–O and M–O tetrahedrons bonds, respectively. 

This result is attributed to the decomposition of  ZnSnO3 into SnO2 and Zn2SnO4, due to its 

metastability. This decomposition has been reported to occur at temperatures above 

500 °C.10,50,69 In the present study, this decomposition occurs at lower temperature due to the 

high energy levels inherent to the hydrothermal process (high temperature and pressure).  
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Figure 2.31. Raman shift for syntheses using (a) ZnCl2 (Zn:Sn molar ratio of 2:1) and (b) ZnAc 
(Zn:Sn molar ratio of 1:1) as zinc precursor, with a volume of 15 m L, for 24 h at different 
temperatures: 150 °C, 180 °C, 200 °C and 220 °C. Where: vibrational band at 631 cm −1 is 
associated with the expansion and contraction of the Sn−O bond peak, peaks at 538 cm −1 and 
676 cm−1 are corresponding to internal vibrations of the oxygen tetrahedron in Zn 2SnO4 and to 
characteristic Raman M−O bonds stretching vibration mode in the MO6 octahedron of ZnSnO3 
and/or Zn2SnO4, respectively; and the peak at 437 cm -1 is attributed to vibrational mode of ZnO. 
The peaks at 299, 372, and 603 cm -1 correspond to ZnSn(OH)6, from the breathing vibrations of 
long M–OH bonds and M–OH–M (bridging OH group) bending modes.27,44,50,70 

 

 

Figure 2.32. FTIR spectra of the obtained nanostructures using (a) ZnCl2 and (b) ZnAc, at 
different temperatures (150 °C, 180 °C, 200 °C and 220 °C). 
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Figure 2.33. SEM image and EDS element quantification of  isolated Zn2SnO4 nanostructures 
produced by synthesis using ZnAc, Zn:Sn molar ratio of 1:1 and a volume of 15 m L at 150 °C for 
24 h. 

 

 

Figure 2.34. SEM image and EDS element quantification of isolated Zn2SnO4 octahedrons 
produced by synthesis using ZnAc and Zn:Sn molar ratio of 1:1 and a volume of 15 m L at 180 °C 
for 24 h. 

 

In conclusion, it is clear that for temperatures lower than 200 °C, homogeneous nanowires 

are not produced as, in accordance to what was observed in the previous section, for lower 

available energy, the formation of  ZnSnO3 is not feasible, and instead the more stable phase 

Zn2SnO4 is favored (along with the intermediate phase ZnSn(OH)6). Meanwhile, for temperatures 

around 200 °C, almost only ZnSnO3 nanowires are produced. For higher temperatures (220 °C),  

no improvements are observed in terms of  producing only nanowires, as decomposition of those 

into the more stable phases start to occur. This study shows that the temperature to achieve the 

desired structures must be carefully considered, as it should be high enough to allow the formation 

of  the metastable phase, but not too high to promote the decomposition process. 
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Figure 2.35. FTIR spectra of all reagents used in the syntheses: the zinc and tin precursors 
(ZnCl2, Zn(CH3COO)2 and SnCl4·5H2O), the mineralizer (NaOH) and the surfactant 
(ethylenediamine). 

 

Reaction Time 

Throughout the reaction time of  the synthesis, the ZTO nanostructures undergo a complex 

evolution. Thus, a careful investigation on the evolution of  ZTO morphology and crystallinity was 

performed for dif ferent reaction times (2 h, 8 h, 12 h, 18 h, 24 h, 36 h, and 48 h), for both zinc  

precursors (ZnCl2 and ZnAc) and using the most favorable conditions as def ined in the previous 

sections (15 mL of  volume at 200 °C). 

Similar to what was observed with the study of  the ef fect of  the temperature, ZnSn(OH) 6 

appears as an intermediate phase before the formation of  the ZnSnO3 or the Zn2SnO4 phases 

(represented by Equations (1), (2), (3), and (4)). 

In Figure 2.36 the XRD patterns for the structures f rom synthesis with dif ferent reaction times 

are shown. For 2 h of  synthesis, ZnSn(OH)6 can be identif ied, for both zinc precursors. As already 

mentioned, this phase can be mistaken with fcc-ZnSnO3 in XRD pattern and also in Raman 

analysis (Figure 2.37) where an intense peak at 603 cm−1 is evident. Nonetheless, FTIR analysis 

in Figure 2.38 clarif ies this by showing the presence of  OH− groups, conf irming the presence of  

ZnSn(OH)6. Although ZnSn(OH)6 phase is predominant for both Zn sources, when using ZnAc, it 
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is also possible to identify Zn2SnO4 by XRD, and when using ZnCl2, Raman analysis indicates 

ZnSnO3 and/or Zn2SnO4 may be present. 

When using ZnCl2, the ZnSn(OH)6 phase appears for synthesis of  2 h, while for synthesis of  

8 h or longer, neither OH− groups (f rom the intermediate phase ZnSn(OH)6) nor lef tover 

precursors are observed in FTIR spectra (Figure 2.38), unlike when using ZnAc, where these are 

present up to 8 h of  synthesis. For 8 h of  synthesis, while the nanoparticles are still predominant, 

some orthorhombic ZnSnO3 nanowires start to be present and, f rom this reaction time onwards, 

these nanowires are the predominant structure achieved, with both precursors  (Figure 2.39). 

 

Figure 2.36. XRD patterns when using (a) ZnCl2 precursor (with 2:1 Zn:Sn ratio) and (b) ZnAc 
precursor (with 1:1 Zn:Sn ratio), for different reaction time: 2 h, 8 h, 12 h, 18 h, 24 h, 36 h, and 48 
h. Syntheses at 200 °C, using 15 mL of reaction mixture volume. Identification following ICDD 
cards: 00-028-1486 (ZnSnO3-orth—deleted), 00-011-0274 (ZnSnO3-fcc), 00-024-1470 
(Zn2SnO4), 01-077-0452 (SnO2), 00-06-1451 (ZnO), and 00-048-1066 (Zn(OH)2). 

Regarding the use of  the ZnCl2, a particular case is observed for the 12 h long synthesis. In 

this condition, ZnSnO3-fcc also seems to be obtained, mixed with ZnSnO3-orth. The possibility to 

obtain this type of  structures for lower energies was already demonstrated as it is an intermediate 

phase between ZnSn(OH)6 and ZnSnO3-orth.69 Also, it is relevant to consider the possibility of  

formation of  Zn(OH)2 due to the presence of  Zn(OH)42+, which is an intermediate phase of  

formation of  both Zn2SnO4 and ZnO. In XRD, the phase Zn(OH)2 (that is transformed in Zn(OH)42+) 

can be mistaken with hexagonal phase ZnO. Also, in EDS mapping (shown in Figure 2.40), it is 

possible to observe some nanoparticles with a large Zn signal, that can be attributed either to 
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Zn(OH)2 or to Zn2SnO4. As such, the possibility of having Zn(OH)2 cannot be discarded. This  

emphasizes the dif f iculty of obtaining only one phase and one type of  ZTO nanostructure using a 

solution-based method and the demand for a well-controlled synthesis process. 

 

Figure 2.37. Raman shift for synthesis with different reaction times using as zinc precursor: (a) 
ZnCl2 (Zn:Sn molar ratio of 2:1) and (b) ZnAc (Zn:Sn molar ratio of 1:1), with a volume of 15 m L, 
at 200 °C. Where: vibrational band at 631 cm −1 is associated with the expansion and contraction 
of the Sn−O bond, peaks at 538 cm −1 and 676 cm−1 correspond to internal vibrations of the oxygen 
tetrahedron in Zn2SnO4 and to characteristic Raman M−O bonds stretching vibration mode in the 
MO6 octahedron of ZnSnO3 and/or Zn2SnO4, respectively; and the peak at 437 cm -1 is attributed 
to vibrational mode of ZnO. The peaks at 299, 372, and 603 cm -1 correspond to ZnSn(OH)6, from 
breathing vibrations of the long M–OH bonds and M–OH–M (bridging OH group) bending modes. 
27,44,50,70 

 

In the case of  using the ZnAc precursor, for synthesis of  12 h or longer, the XRD pattern 

(Figure 2.36a) seems to be similar (evidencing ZnSnO3 nanowires) with a higher crystallinity for 

the longer synthesis when compared to 12 h. SEM images (Figure 2.39) show that longer 

nanowires are obtained for 36 h or 48 h long synthesis. Table 2.4 shows the lengths of  the 

nanowires for both precursors, emphasizing this observation. On the other hand, when using 

ZnCl2, while nanowires’ lengths increase up to around 18 h or 24 h, these start to signif icantly 

decrease for longer synthesis (Figure 2.39, Table 2.4). It can be observed through XRD data 

(Figure 2.36) that when synthesis is 36 h or longer, ZnSnO3 phase transformation into Zn2SnO4 
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and SnO2 starts to occur, in a similar trend to that seen in the previous section for the increase of  

temperature beyond 200 ºC, causing the diminishing of  the nanowires’ length.  

 

Figure 2.38. FTIR spectrum of samples with different reaction times for (a) ZnCl2 and (b) ZnAc. 

 

It can be induced that, due to the ZnCl2′s higher solubility in ethylenediamine, the evolution 

of  the phases happens faster when this precursor is used. While for ZnCl2, a phase transformation 

of  ZnSnO3 to Zn2SnO4 and SnO2 starts to occur at 36 h, for ZnAc, a pronounced length increase 

is still observed up to 36 h, supporting the assumption that a slower reaction is taking place when 

using ZnAc precursor. While this results in an increased synthesis time to achieve longer 

nanowires, these are signif icantly longer (more than 2x) than when using ZnCl2. Nevertheless, for 

48 h, there is a small deterioration in terms of  nanowire length and homogeneity of  the 

nanostructures’ phases, thus 36 h is the optimal reaction time for the conditions studied.  

In summary, in Figure 2.39, one can clearly visualize the large dependency of  the 

nanostructures’ growth with the increase of  reaction time. For both precursors, it is clear that at 

least 12 h are necessary to start producing predominantly ZnSnO3 nanowires, being that only 

af ter 24 h this production starts being homogeneous. It is also possible to observe that, similarly 

to what was concluded with previous studies on the inf luence of  the chemical parameters 66, the 

ZTO nanostructures obtained using ZnAc are generally smaller than those obtained using ZnCl 2, 

for synthesis up to 24 h. When using ZnAc, the ZTO growth is slower so the higher dimensions 

are obtained for longer reaction times (36 h and 48 h), for which the nanowires reach higher 

dimensions than that those obtained with ZnCl2. This dif ference in the optimal reaction time can 

be attributed to the lower solubility of  ZnAc when compared with ZnCl2 in the solvent 

ethylenediamine. This also leads to a constant presence of  SnO2 for the syntheses with ZnAc, 

while when using ZnCl2, ZnO is constantly observed. This study shows that if  longer nanowires 

are desired, ZnAc is the most suitable precursor, while if  faster processing is desired, the most 

suitable precursor is ZnCl2. 
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Figure 2.39. SEM images of the nanostructures obtained by synthesis using (a) ZnCl2 and (b) 
ZnAc with different reaction time, showing the temporal evolution of the structures produced. 
Syntheses at 200 °C, using 15 mL of reaction mixture volume. 
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Figure 2.40. SEM image and EDS element mapping of nanostructures produced by synthesis 
using (a) ZnCl2 (Zn:Sn molar ratio of 2:1) and (b) ZnAc (Zn:Sn molar ratio of 1:1), both at 200 °C 
for 2 h and a volume of 15 mL. 

 

Table 2.4. Evolution of the average of nanowires’ length with the reaction time. 

Reaction time (h) Nanowires’ length (nm) 

 ZnCl2 ZnAc 

24 605 ± 75 540 ± 175 

36 420 ± 115 1090 ± 250 

48 220 ± 35 950 ± 190 

 

Growth Mechanism of ZnSnO3 Nanowires 

Throughout the reaction time one of  the main challenges in nanomaterials synthesis is to 

understand how the nanostructures grow, i.e., what are the mechanisms behind the formation of  

each phase and of  each type of  nanostructures. Obtaining only one phase and one shape is not 

an easy task, particularly for the Zn:Sn:O system due to its ternary composition, as evident 

throughout this manuscript. In the specif ic case of  ZnSnO3 nanowires formation, the metastability 

of  this phase adds even more complexity into understanding it properly. Gou et al. showed the 

inf luence of  pressure and temperature in the enthalpy energy of  dif ferent ZTO phases, including 

ZnSnO3 cubic perovskite, concluding that the formation of  this phase is not favorable under 

(a)

(b)
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ambient conditions and can only be obtained under high pressure and temperature.69 However,  

under those conditions, this phase tends to decompose into Zn2SnO4 and SnO2.73 Therefore, a 

very specif ic tailoring of  the synthesis parameters is necessary when aiming to achieve proper 

structures of  this metastable phase. 

Owing to the careful optimization of  the chemico-physical parameters performed here, it is 

possible to observe an evolution of  the nanostructures, and its respective phase, with the increase 

of  reaction time and increase of  total energy available in the reaction. Although the aim was to 

achieve ZnSnO3 nanowires, Zn2SnO4 nanostructures were also obtained, mainly for very short 

synthesis or for synthesis with lower temperatures or volumes, showing that this phase is 

achieved with lower available energy.  

2.2.5. Conclusions 

Due to its complexity, the synthesis of  multicomponent oxide nanostructures requires an 

appropriate understanding of  the inf luence of  each synthesis’ parameters and t he growth 

mechanism itself . In this work, a detailed study on the inf luence of  physical parameters on the 

hydrothermal synthesis of  ZnSnO3 nanowires is reported. Specif ically, the ef fect of  reaction 

mixture volume, synthesis temperature and reaction time were studied. The available energy in 

the reaction revealed to be one of  the determinant factors on the f inal products. As already 

reported in the literature, the metastable ZnSnO3 requires high pressures/energy conditions to be 

obtained. It was found that independently of  the Zn source, ZTO nanostructures had the same 

time-dependence growth mechanisms, although with dif ferent time spans.  

While previous reports have shown the degradation of  the metastable ZnSnO3 structures at 

temperatures above 500 °C, the present work demonstrates that owing to the high energy of  the 

hydrothermal process, this decomposition can occur at considerably lower temperatures (24 h at 

220 °C) and/or longer reaction times (36 h at 200 °C). This highlights the advantages of  

hydrothermal processes to obtain metastable multicomponent nanostructures such as ZnSnO3 at 

low temperatures but also the importance of  properly controlling and understanding all the 

synthesis parameters to achieve the desired structures. With ZnSnO3 f inding application as a 

piezoelectric material, catalyst, active material in gas sensors, resistive switching memories, 

batteries, and others, we expected this work to have a signif icant impact in the future of  

nanotechnology as it describes the synthesis of  ZnSnO3 nanowires without either direct growth in 

substrates or production by vapor phase methods (high temperatures). This new approach brings 

higher f lexibility to the dif ferent applications, allowing a higher degree of  f reedom for integration 

on dif ferent substrates while avoiding contamination f rom the seed-layer material. 
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2.3. Reproducibility of the ZnSnO3 nanowires synthesis  

From the studies of  the inf luence of  chemical and physical parameters in the nanostructures’ 

growth, a condition was selected for each zinc precursor in order to obtain ZnSnO3 nanowires: 

Zn:Sn molar ratio of  1:1 for ZnAc and 2:1 for ZnCl2, H2O:EDA volume ratio of  7.5:7.5 mL and 

0.240 M of  NaOH. As both these syntheses result in a yield of  ≈ 30 mg for the overall synthesis 

process, they present reagent to precursor mass ratio ef f iciencies of  ≈ 40 % and ≈ 50 % using 

ZnCl2 and ZnAc, respectively, when considering the ef fective mass of  zinc and tin species only.  

For comparing the two precursors conditions in terms of  reproducibility, syntheses  in these 

conditions were repeated at least three times. 

The results showed a better reproducibility for ZnCl2 than for the ZnAc precursor as 

discussed next. Figure 2.41a shows that for three syntheses in the same conditions using ZnCl2 

the results are very similar, showing only some dif ferences in the presence of  some residual ZnO 

nanowires (conf irmed by XRD spectra, in Figure 2.42b) and some variation in the average size 

of  the ZnSnO3 nanowires (Figure 2.43b). On the other hand, for the synthesis with ZnAc, three 

runs already show a quite signif icant variation on the XRD spectra (Figure 2.42a), even if  all show 

the predominance of  the ZnSnO3 phase (see also SEM images in Figure 2.41b). Furthermore, 

the size of  the obtained nanowires dif fers substantially for the multiple runs with ZnAc (Figure 

2.43a). As discussed previously, ZnAc has a poor solubility in EDA when compared with ZnCl 2 

and SnCl4∙5H2O. This can be one of  the factors for the poor reproducibility when using ZnAc as 

zinc precursor. Moreover, when using ZnCl2, since tin precursor is also a chloride, the reaction 

will be less complex: not only is the number of  chemical species lower, but also as Cl - reacts with 

Na+, the number of  possible reactions reduces. Also, in the case of  ZnAc, the presence of  the 

ionic species H+, O2- and C+ can lead to an imbalance in the reaction precluding the formation of  

zinc-tin oxide nanostructures. 

 

Figure 2.41. SEM micrographs of the nanostructures obtained in different repetitions of 
hydrothermal synthesis using (a) the ZnCl2 precursor and (b) ZnAc precursor, under similar 
conditions. 

(a)

(b)
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Figure 2.42. XRD patterns of the nanostructures obtained for different repetitions of hydrothermal 
synthesis using (a) ZnAc and (b) ZnCl2 as zinc precursor, under similar conditions. Identification 
following ICDD cards 00-028-1486 (deleted), 00-024-1470, 01-077-0452 and 00-06-1451 (Figure 
2.3). Numbers 1-3 and 1-6 refer to different repetitions of the same synthesis process. 

 

Figure 2.43. Comparison of the obtained nanostructures dimensions in different repetitions of 
synthesis using (a) ZnAc and (b) ZnCl2 as zinc precursor, under similar conditions. Average 
lengths and diameters are given between brackets.  
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2.4. ZnSnO3 Nanowires – Optical Characterization 

To study the optical properties of  the produced ZnSnO3 nanowires, the absorption under UV 

and visible radiation was measured. Figure 2.44a shows the well-known Tauc’s relation that 

follows the equation:  

                                                    (𝛼ℎ𝑣)𝑥 = 𝐴(ℎ𝑣 − 𝐸𝑔)  (11) 

 

Where α is the absorption coef f icient, h is the Plank constant, v is the f requency, A is an 

energy-independent parameter, 𝐸𝑔 is the optical band gap and x is a coef f icient related to the 

electronic transition (x=2 for allowed direct transition).74  The 𝐸𝑔  values, inferred by applying the 

equation to the linear region of  the plots, are 3.53 and 3.60 eV, for the ZnAc and ZnCl2 precursors, 

respectively. For comparison, optical properties of  pure Zn2SnO4 nanoparticles, produced when 

using only H2O as a solvent (section: Influence of the surfactant concentration), were also 

evaluated (Figure 2.44a). A band gap of  3.46 eV was achieved, lower than for the ZnSnO3 phase, 

conf irming the trends verif ied by other authors.15,21,22 These results also conf irm the trends 

typically observed in multicomponent oxides, where the 𝐸𝑔  of  the resulting structure tends to be 

closer to the 𝐸𝑔  of  the predominant binary compound (ZnO or SnO2).75 

Still, the 𝐸𝑔  values obtained in this work (both for ZnSnO3 and Zn2SnO4) are slightly lower 

than the ones reported in literature (≈ 0.15-0.30 eV). This dif ference can be explained by an higher 

defect density in these nanostructures, resulting in absorption close to band edges. 76 This is a 

consequence of  the low temperature of  the reported solution-based process (200 °C) as 

compared to the >600 °C typically used for physical processes. These band  gap values suggest 

a potential applicability of  these nanostructures for photocatalysis and photosensors.77,78  

Photoluminescence (PL) was also evaluated for these samples (Figure 2.44b). A more 

evident peak at around 366 nm is observed, which can be attributed to ZnO-based  

nanostructures.79 By observing the PL spectra it is clear that this peak is more evident in the 

samples where ZnO-based structures were identif ied (see for instance Table 2.2), corroborating 

our previous analysis. Small peaks at 427 and 488 nm can also be identif ied. The presence of  

these UV peaks is associated with oxygen vacancies, which are major defects in this type of  

material,80,81 being emissions in this region common for ZTO nanostructures.82 Other authors also 

attribute a 428 nm PL peak to SnO contaminations or nanocrystals formed during ZTO 

synthesis,78 which is also a plausible justif ication for our samples.  
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Figure 2.44. (a) Tauc’s plots and (b) photoluminescence spectra for ZnSnO3 nanowires using 
two different Zinc precursors, ZnAc and ZnCl2 and for Zn2SnO4 octahedrons, obtained using ZnCl2 
precursor with only H2O as solvent.  

 

2.5. Final remarks 

In this chapter the optimization of  the chemical and physical parameters of  a seed-layer 

f ree one-step hydrothermal synthesis of  ZnSnO3 nanowires was presented.  

One of  the many advantages of  the hydrothermal method is the possibility to produce phases 

which are metastable concerning the temperature. It was shown here that the metastable phase 

ZnSnO3 is possible to obtain under specif ic chemical and physical parameter conditions,  although 

small variations f rom these optimal conditions will favor the growth of  the more stable and more 

energetically favorable phases and structures such as Zn2SnO4, ZnO and SnO2. This leads to 

having a small but non negligible amount of  the other structures when aiming for the ZnSnO3 

nanowires (in accordance to other reports in literature). Nevertheless, in the range of  parameters 

resulting in ZnSnO3 nanowires, there is still space for a f ine tuning which should lead to a further 

optimized synthesis. 

The main conclusions f rom the dif ferent studies are summarized below:  

• Zn:Sn precursor molar ratio 

Using ZnAc as zinc precursor promotes the presence of  SnO2 while using ZnCl2 results in 

higher amounts of  ZnO. This is attributed to the precursors’ solubility in the surfactant EDA: while 

SnCl4·5H2O is more soluble than ZnAc, favoring tin-based structures, ZnCl2 is more soluble than 

SnCl4·5H2O, favoring zinc-based structures.  

• Surfactant concentration 

The addition of  EDA, up to certain EDA concentrations, favors the formation of  ZnSnO3 

nanowires over the more energetically stable Zn2SnO4 nanoparticles. An optimal H2O:EDA 
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volume ratio of  7.5:7.5 was determined for the formation of  ZnSnO3 nanowires. For higher 

concentrations, ZnO nanostructures start to be dominant, as the predominant factor starts to be 

the pH value, showing that the presence of  the water is also imperative to the formation of  the 

ZnSnO3 nanowires by assuring the precursors dissolution and balancing the pH in solution. 

• NaOH concentration 

The mineralizer is required to form the intermediate phases to achieve ZnO and ZTO 

(ZnSnO3 and Zn2SnO4) structures. Accordingly, it was seen that while low mineralizer 

concentrations favors the growth of  tin-oxide structures, excessive mineralizer results in Zn-richer 

structures. While the Zn-richer structures are either ZnSnO3 nanoparticles or ZnO nanowires  

depending on the zinc precursor, for intermediate mineralizer concentrations (0.240 M) ZTO 

nanowires are achieved, showing that there is an optimal concentration for the achievement of  

this kind of  structure, which should result f rom a specif ic ratio between the dif ferent available 

(intermediate) species in the mixture. 

• Reaction Mixture Volume  

The mixture volume was found to be crucial in the growth of  the ZnSnO3 (metastable) phase, 

as it controls the pressure inside the autoclave. While lower volumes (corresponding to lower 

pressures) favors the formation of  Zn2SnO4 and SnO2 nanoparticles (which are the more 

energetically favored phases), the more homogeneous growth of  ZnSnO3 nanowires is obtained 

for the higher solution volumes (15 mL). In these conditions the elevated pressure supplies the 

necessary energy level to the reaction, leading to an acceleration of  the nucleation processes 

(even at 200 °C). 

• Synthesis Temperature and Reaction Time 

The same time-dependence growth mechanisms for the ZTO nanostructures were seen for 

both Zn sources, although with dif ferent time spans. At least 12 h, and 200 ºC were necessary for 

the fabrication of  the nanowires, with synthesis up to 24 h resulting in longer and more wires.  

Nevertheless, the decomposition of the ZnSnO3 phase, into the more stable phases occurs when 

employing higher temperatures (24 h at 220 ºC) and/or longer reaction times (36 h at 200 ºC). 

This emphasizes that while the hydrothermal process is a viable way to achieve the metastable 

phase at low temperatures, a proper control and understanding of  the synthesis parameters is 

required to achieve the desired structures. 

Af ter optimization of  all the parameters, the best conditions proved to be a Zn:Sn molar ratio 

of  2:1 using ZnCl2 as zinc precursor and 1:1 using ZnAc, H2O:EDA volume ratio of  7.5:7.5 mL:mL 

and a NaOH concentration of  0.240 M. Still, testing the reproducibility for these two conditions, it 

was found that ZnCl2 allowed for a very homogeneous (less mixture of  phases/structures) and 

reproducible reaction, being signif icantly better than when employing ZnAc. Moreover, it is 

possible to observe that the nanostructures produced using ZnCl2 have longer sizes than when 
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using ZnAc. These ZnSnO3 nanowires presented lengths and diameters around 600 nm and 

65 nm, respectively, against 485 nm and 57 nm, respectively.  

As such, low-temperature hydrothermal methods proved to be a low-cost, reproducible and 

highly f lexible route to obtain multicomponent oxide nanostructures, particularly ZTO nanowires. 

Due to the extensively study done by changing the conditions in ZnSnO3 nanowires’ synthesis it 

was even possible to produce Zn2SnO4 nanoparticles and octahedrons and SnO2 nanoparticles.  

Optical characterization of  ZnSnO3 nanowires (for the best condition for each zinc precursor) 

and of  Zn2SnO4 octahedrons was presented, showing properties comparable with the literature.  

These properties show a great potential for applications such as photocatalysis  and 

photosensors. Moreover, the achievement of  the nanomaterials in powder form, is rather suitable 

for application in dif ferent f ields, by allowing a high degree of  f reedom for integration on dif ferent 

substrates (and avoiding contamination f rom seed-layer materials). In line with this, ZnSnO3 

nanowires can be integrated as a piezoelectric material in energy harvesters, active material in 

sensors, resistive switching material in memories, anode in batteries, and others. These 

applications will be demonstrated in the next chapters of  this dissertation. 
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Chapter 3 – Alternative routes to synthesize 

zinc-tin oxide-based nanostructures  

In Chapter 2 the optimization of  a seed-layer f ree hydrothermal synthesis of  ZnSnO3 

nanowires was described. While the development of  this method for the nanostructures synthesis 

was set as the primary objective of  this thesis, other routes were also explored for the synthesis 

of  zinc-tin oxide-based nanostructures and are presented in Chapter 3. Namely, microwave-

assisted hydrothermal synthesis was explored as a mean to reduce the duration of  the syntheses. 

A comparison between the nanostructures achieved with the oven method and the nanostructures 

achieved with the microwave method is performed, based on the optimized chemical parameters 

f rom the previous Chapter. Additionally, the use of  seed-layers was also explored for achieving 

dif ferent ZTO structures. While this alternative route allows to inf luence the growth of  the 

nanostructures, it can also be benef icial for applications where nanostructures on f ilm are already 

intended, as is the case for photocatalysis and pH sensors, for which the nanostructures in 

discussion present excellent properties, as will be presented in latter Chapters. 

The nanostructures syntheses and characterization were performed in the CENIMAT and 

CEMOP laboratories. 
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3.1. ZTO nanostructures: conventional oven vs microwave system 

While conventional ovens are commonly used for hydrothermal process, in this method  the 

temperature of  the reaction vessel can be considerably higher than of  the mixture itself  as the 

heating is dependent on the thermal conductivity of  the various materials and on convection 

currents, which can result in a slower heating of  the mixture.1  

In the last years, microwave-assisted synthesis appeared as a promising alternative for 

fabrication of  inorganic nanostructures by allowing faster reactions and a uniform volumetric 

heating, due to a dif ferent heating process.1–5 In these systems, the heating mechanism is mainly 

based-on two phenomena, dipolar polarization and ionic conduction (Figure 3.1), as dipoles and 

ions continuously attempt to realign themselves with the electric f ields f rom the microwaves.1 

Molecular f riction during the orientation/disorientation of  dipoles with the electric f ield (known as 

dielectric loss),1,6,7 lead to a heating of  the medium, provided that the f requency of  the irradiation 

is not so high that the dipoles cannot respond, neither so low that they can easily keep up, with 

f requencies of  2.54 GHz lying intermediately of  these extreme cases. Regarding ions in solution, 

they will oscillate with the electric f ield colliding with neighboring molecules. This heat generation 

ef fect is much stronger than that of  polarization, being particularly important for synthesis in ionic 

liquids.1,8 By allowing a faster and more uniform heating for the hydrothermal synthesis, this 

method permits to reduce side reactions, enhancing the product purity and yield.1   

 

Figure 3.1. Two main heating mechanisms under microwave irradiation: (a) dipolar 
polarization and (b) ionic conduction mechanism.1 

Several nanostructures by microwave-assisted synthesis have been reported, namely the 

ZTO binary counterparts, ZnO and SnO2,3,9–14 with the advantageous multicomponent oxides as 

ZTO being signif icantly more dif ficult to obtain. Nevertheless, ZTO nanostructures synthesized in 

microwave systems have been reported already. Lehnen et al. showed a simple method to 
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produce quantum dots in a conventional microwave,4 while Nehru et al. combined a urea-based  

combustion process in a microwave system to produce Zn2SnO4 nanostructures.15  

In the previous Chapter the synthesis of  ZTO nanostructures by a hydrothermal method 

using a conventional oven was presented and discussed. Based on these results, and aiming to 

achieve faster processes, syntheses based on the optimized chemical conditions for the oven 

were explored in the microwave system.  

3.1.1. Experimental details 

A CEM Focused Microwave Synthesis System Discover SP was used, being the synthesis 

schematic shown in Figure 3.2. The microwave syntheses were made in a dynamic mode, in 

which the irradiated power is controlled by the system to maintain a def ined temperature for all 

the synthesis duration. Aside f rom the dif ferent heating methods, the pressure of  the reaction 

mixtures will dif fer for the two discussed systems. For the oven system, the pressure in the Tef lon 

tubes (45 mL) inside the autoclave is not monitored during synthesis but is known to be dependent 

on the volume of  the solution since the autoclave is sealed. On the other hand, the vessels in the 

microwave system (35 mL) have a small aperture: its internal pressure will try to be in equilibrium 

with that of  the microwave chamber. This pressure is read during the process and a maximum 

pressure can be def ined. Likewise, a maximum power can also be def ined. Considering this, the 

adaptation of  a specif ic synthesis f rom one system to another should  not be direct, instead 

requiring optimization. 

 

Figure 3.2. Schematic of the Schematic representation of the hydrothermal synthesis process 
using the microwave system. 

The morphological and structural characterization for the obtained nanostructures with the 

microwave system was performed using the same equipment (SEM/EDS and XRD) and the same 

methodologies described in the previous Chapter.   
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3.1.2. ZnSnO3 nanowires  

In Chapter 2 the optimization of  the seed-layer f ree and one-step hydrothermal synthesis of  

ZnSnO3 nanowires, by studying the inf luence of  both chemical and physical parameters, was 

presented. Based on the optimized conditions, a study of  this synthesis replacing the conventional 

oven for a microwave system started to be explored. The syntheses were performed using a 

maximum pressure of  270 PSI and a constant temperature of  200 °C.  

In Figure 3.3 the SEM images and XRD patterns for dif ferent conditions to produce ZnSnO3 

nanowires using the microwave are presented. While the synthesis durations are much shorter 

than those employed in the oven, all of  them resulted predominantly in ZnSnO3 nanowires, even 

though some mixture of  phases can be observed in the XRD pattern.  On an early analysis, for 

the particular case of  using the ZnCl2 precursor, nanowire length seems to increase for longer 

synthesis, and for higher volumes (in a similar way as observed for the oven method). Regarding 

the ZnAc precursor, an initial test (Figure 3.3d), also resulted in ZnSnO3 nanowires, being 

however noticeable that the synthesis duration of  1h is too short as indicated by the very 

signif icant mixture of  phases present. Exploration of  this process is still at an early stage, but 

these preliminary results are promising by revealing the possibility of  replacing the oven by the 

microwave irradiation, which allows to reduce up to 20 hours of  synthesis time. Nevertheless, and 

considering the metastable nature of  the phase under study, further investigation is still required 

in achieving a well-controlled, reproducible and homogenous process.  

 Furthermore, this approach of  using microwaves irradiation heating process to produce 

ZnSnO3 nanowires is reported here for the f irst time, to the best of  the author’s knowledge. 

                                                    

Figure 3.3. (a-d) SEM micrographs and (e) XRD pattern of microwave-assisted synthesis with 
different conditions. Zn precursor, mixture volume and synthesis duration are: ZnCl2, 7.5 mL, 
4 h (condition 1); ZnCl2, 7.5 mL, 2 h (condition 2); ZnCl2, 15 mL, 4 h (condition 3); and ZnAc, 
7.5 mL, 1 h (condition 4). 
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3.1.3. Zn2SnO4 octahedrons  

While studying the inf luence of  H2O:EDA volume ratio in the nanostructures growth, 

presented in section 2.1, conditions to obtain Zn2SnO4 octahedrons were achieved, in which 

synthesis duration was of  24 h. Following this result, an oven synthesis in similar conditions was 

tested with a shorter duration of  12 h. It was found that it was not enough time to produce purely 

the Zn2SnO4 phase, with some mixture of  phases being seen in the XRD pattern (Figure 3.4). 

Moreover, SEM shows that Zn2SnO4 nanoplates are predominantly obtained (Figure 3.5), which 

are an intermediate structure on the formation of  the Zn2SnO4 octahedrons.  

Synthesis for both these structures were also explored by using a microwave system. These 

were performed with a maximum set power of  100 W, a maximum pressure of  270 PSI and at a 

constant temperature of  200 °C, with the synthesis durations being 30 and 60 minutes. 

Figure 3.4 compares the XRD patterns for the nanostructures obtained with these 

microwave-assisted syntheses with the ones obtained via conventional oven, with SEM of  the 

obtained structures shown in Figure 3.5. Even if  employing signif icantly shorter times, the 

microwave synthesis presented the same trend observed for the oven syntheses: pure phases 

can be achieved for the longer syntheses, which result in Zn2SnO4 octahedrons, while shorter 

syntheses show some mixture of  phases, yielding mainly Zn2SnO4 nanoplates. These syntheses 

proved to be an ef fective method to produce either Zn2SnO4 nanoplates or octahedrons, with the 

microwave heating method allowing for very short syntheses.  

 

Figure 3.4. XRD pattern for the nanostructures synthesized in the oven (for 12 h and 24 h) 
and in the microwave system (for 30’ and 60’). 
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Figure 3.5. SEM images of the Zn2SnO4 nanoplates and octahedrons synthesized in the oven 
(for 12 h and 24 h) and in the microwave system (for 20’ and 60’). 

3.1.4. Zn2SnO4 nanoparticles  

In Chapter 2, Zn2SnO4 nanoparticles were achieved with some given synthesis conditions, 

yet, the reaction yield was signif icantly low. A dif ferent hydrothermal reaction, based on the 

method reported by Annamalai et al.16, was explored to produce Zn2SnO4 nanoparticles. While 

the synthesis was not thoroughly optimized, nanostructures of  this phase have interesting 

properties for several applications, as will be demonstrated in latter Chapters by its application in 

pH sensing devices and photocatalysis. 

Zn2SnO4 nanoparticles were synthesized using as zinc and tin precursors 0.34 g of  zinc 

chloride (ZnCl2 f rom Merck, 98%) and 0.44 g of  tin tetrachloride (SnCl4·5H2O from Riedel-deHean 

98%), respectively, each dissolved separately in 5 mL of  deionized water, and then added 

together.  Then, sodium carbonate (Na2CO3 f rom Merck, 99.9%) solution (0.53 g in 5 mL of  water) 

was added dropwise to the mixture, leaving then under magnetic stirring for 15 min. The mixture 

was kept in the electric oven (Thermo Scientif ic) at 200 °C for two dif ferent durations: 12 h and 

24 h, with a heating ramp of  200 °C/h, and letting the autoclave cool to ambient temperature 

naturally at the end. The nanostructures were washed and dried using the same process 

presented in Chapter 2. 

The chemical reaction yielding Zn2SnO4 can be represented by (1): 

2𝑍𝑛𝐶𝑙2+ 𝑆𝑛𝐶𝑙4+ 4𝑁𝑎2𝐶𝑂3 + 𝐻2𝑂 → 𝑍𝑛2𝑆𝑛𝑂4 + 8𝑁𝑎𝐶𝑙 + 4𝐶𝑂2                        (1) 

In Figure 3.6 the XRD patterns and the SEM images for the Zn2SnO4 nanoparticles are 

presented. It is possible to observe that for both synthesis’ durations nanoparticles with pure 
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phases are achieved. Although the nanoparticles obtained with the shorter synthesis have larger 

sizes, the longer synthesis results in a higher yield of  nanoparticles.  

 

Figure 3.6. (a) XRD pattern and (b) SEM images of the Zn2SnO4 nanoparticles synthesized 
in a conventional oven at 200 °C for 12 h and 24 h. 

Following f rom this oven synthesis’ conditions, and aiming to reduce the synthesis time, the 

fabrication of  Zn2SnO4 nanoparticles was explored in the microwave system. The synthesis was 

performed with a maximum power of  100 W, a maximum pressure of  270 PSI and a constant 

temperature of  200 °C. Two synthesis durations were considered, 20 minutes and 60 minutes.  

In Figure 3.7 is possible to observe that whether for 20 minutes or for 60 minutes of  synthesis 

nanoparticles with a pure Zn2SnO4 phase were obtained, similarly to what was obtained using the 

conventional oven. This shows that it is possible to reduce at least 12 hours of  synthesis to 

produce Zn2SnO4 nanoparticles with the same quality. 
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Figure 3.7. (a and b) SEM images and (c) XRD patterns of Zn2SnO4 nanoparticles produced 
by microwave-assisted synthesis for 20 min and 60 min. 

3.1.5. SnO2 nanoparticles  

SnO2 nanoparticles were also produced by using both heating methods: conventional oven 

and microwave system. The synthesis of  these nanostructures was based on the solvothermal 

method reported by Men et al..17 Brief ly, 0.20 g of  potassium stannate (K2SnO3 f rom Sigma-

Aldrich) were dissolved in 6 mL of  deionized water, then 0.95 g of  urea (Na2CO3 f rom Fisher 

Chemical, 99.9%) were added, and f inally 10 mL of  ethanol were added. The solution was kept 

in the electric oven (Thermo Scientif ic) at 140 °C for 4 h, with a heating ramp of  200 °C/h, letting 

the autoclave cool to ambient temperature naturally af ter the synthesis. Regarding the synthesis 

using the microwave system a maximum power of  80 W and a maximum pressure of  270 PSI 

were used while a constant temperature of  140 °C was kept for 1 h. Af ter the syntheses, the same 

procedure of  washing and drying the nanostructures as described before was used. 

In Figure 3.8 the structural and morphological characterization is presented. The XRD 

patterns are very similar for both syntheses and are well matched with the ICDD card #078-1063, 

corresponding to tetragonal SnO2. A slight dif ference between the nanoparticles’ sizes can be 

observed in the SEM images (Figure 3.8b and c), with the one produced in the microwaves being 

larger. Again, this suggests that the time for synthesis of  these nanostructures can be signif icantly 

reduced by employing the microwave heating method. 

3
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Figure 3.8. (a) XRD patterns and SEM micrographs of SnO2 nanoparticles (b) produced using 
the oven and (c) the microwave system.  

3.1.6. Conclusions 

The studies for optimization of  the hydrothermal synthesis of  ZnSnO3 nanowires using the 

conventional oven resulted also in particular conditions for fabrication of other types of structures. 

As such, this work enabled the establishment of  processed useful to obtain structures such as 

Zn2SnO4 octahedrons, Zn2SnO4 nanoparticles and SnO2 nanoparticles.  

While these dif ferent types of  structures present great interest for dif ferent applications, 

sometimes the reaction times and/or yield are not practical, especially when considering devices 

which require a high volume of  particles. Thus, based on the synthesis implemented on the 

conventional oven, microwave-assisted synthesis was explored due to its faster and more uniform 

heating rate. The results for synthesis of  different structures using both methods were compared. 

While employing much shorter times (a decrease of  several hours) the microwave method has 

shown to be able to result in structures similar to those f rom the oven method. For the specific 

case of  ZnSnO3 nanowires synthesis, this allowed to decrease the synthesis time at least 20 

hours. Additionally, the higher degree of  control in the microwave system opens space for further 

optimization.  
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3.2. ZTO nanostructures on seed-layers 

In the previous Chapter, the hydrothermal synthesis of  ZnSnO3 nanowires (in powder form) 

was shown, which was considered the main objective for this project. Additionally, synthesis of  

other ZTO-based nanostructures in the powder form was also presented. As was already 

mentioned, seed-layer f ree synthesis, resulting in powder form nanostructures, gives f lexibility not 

only for the application of  the nanostructures in devices by allowing integration on dif ferent 

substrates, but also by not imposing any constrains in the reagents and process parameters of  

the synthesis. Nevertheless, the direct growth methods also present very considerable 

advantages, namely by avoiding transfer methods which are of ten dif ficult to implement. Besides 

the possible advantage of  the direct integration in the device, dif ferent designs can also be 

envisaged by these methods, as orientation of  the nanostructures in relation to the substrate is 

of ten achieved during these growth/deposition process. While syntheses by physical processes 

are considered direct growth methods, chemical methods such as hydrothermal synthesis can be 

either substrate-f ree (the powder precipitates in the reaction vessel) or direct growth (if  employing 

a substrate or a seed-layer). The seed-layers, being a support medium f rom which the 

nanostructures grow, will naturally inf luence the growth of  the structures, being obtained dif ferent 

structures depending on the seed-layer material. Characteristics of  these seed-layer materials  

such as the crystalline structure and the surface energy can play a role on the nanostructures’ 

growth. 

Several reports on seed-layer based growth of  ZTO nanostructures have been published in 

the last years, with f luorine doped tin oxide (FTO) being the most commonly employed seed 

material. Lo et al. used a FTO f ilm to grow rhombohedral ZnSnO3 nanowires for 

piezophotocatalytic applications (Figure 3.9a).18 In 2011 Dharmadasa et al. showed the growth 

of  dif ferent types of structures (such as nanoplates and nanocolumns, shown in Figure 3.9b and 

c) f rom a FTO seed-layer depending on the precursors concentration.19 Habibi et al. also 

employed FTO obtaining Zn2SnO4 nanoparticles which were applied for dye solar cells.20 On the 

other hand, Wang et al. used ITO on glass and obtained Zn1−xSnO3 nanowires which were 

employed for piezophotocatalysis.21 In 2012, Li et al. synthesized Zn2SnO4 nanowires on a 

stainless steel (SS) mesh for application in dye solar cells (Figure 3.9d-h ).22 Interestingly, the 

hydrothermal synthesis conditions used by Li et al. were the ones used as a basis for the synthesis 

presented in Chapter 2 of  this thesis (which yielded ZnSnO3 nanowires), clearly showing the 

inf luence of  the seed-layers in the growth of  nanostructures.  

While reports show that a wide range of  structures can be produced depending on substrates 

and synthesis’ conditions, nanowires are the most commonly reported. This emphasizes the 

dif f iculty in obtaining these structures by the low-temperature solution processes, being 

necessary to employ the seed-layer materials to induce the growth of  the less energetically  

favorable ZTO nanowires. Although very interesting results have been reported, correlations 

between the employed seed-layers and the achieved types of  nanostructures are scarce. 
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Figure 3.9. SEM images of (a) ZnSnO3 nanowires on a FTO seed-layer;18 (b,c) ZTO 
nanoplates and nanocolunms growth on FTO seed-layer;19 and (d-h) schematic 
representation of the Zn2SnO4 nanowires growth on stainless steel mesh.22 

In the next sub-sections the use of  dif ferent seed-layers in the hydrothermal synthesis will 

be presented, attempting to correlated the type of  ZTO nanostructures grown to the employed 

seed-layer. The use of  the dif ferent seed-layers was attempted for an initial exploration of  the 

possible types of  structures to be achieved: while for some seed-layers dif ferent synthesis 

conditions were tested, tuning of  the synthesis conditions for each layer was not performed and 

is lef t for future work. A specif ic aim of  this study was the synthesis of  Zn2SnO4 nanowires as 

these structures were not achieved for the seed-layer f ree hydrothermal methods previously 

presented in this work.  

3.2.1. Experimental details 

The two best synthesis conditions f rom Chapter 2 to produce ZnSnO3 nanowires (one for 

each Zn precursor) were used to grow ZTO nanostructures directly on the seed-layers, and will 

be referenced as solutions A and B, for the ZnCl2 and ZnAc precursors, respectively. Additionally, 

for cooper foil as seed-layer, similar conditions with the exception that 99 % pure EDA is replaced 

(a) (b) (c)

(d) (e) (f)

(g) (h)
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by a 75-80 % purity one (f rom Sigma-Aldrich) were also employed, being referred as solutions C 

and D, for ZnCl2 and ZnAc precursors, respectively. The 75-80 % purity EDA was employed based 

on past satisfactory results in the group.   

Seed-layers were prepared by depositing thin f ilms on glass substrates. ZTO and ZnO f ilms 

were deposited by RF-sputtering while e-beam assisted evaporation was used to deposit Sn, Cr, 

Ni and Ti. Additionally, Cu nanowires in a powder form were also used as seed-layer, and were 

fabricated via a solution method as described in reference 23. All the substrates were cleaned 

before the syntheses. Commercial substrates (FTO, copper foil, carbon f ibers and stainless steel) 

were cleaned with IPA and deionized water. Substrates fabricated in-house were washed through 

ultrasonication with acetone and IPA and were then rinsed with deionized water before the thin 

f ilm deposition. Af ter drying the substrates with nitrogen, they were inserted in the Tef lon tubes 

with the respective synthesis solutions. The syntheses were then performed just as described in 

Chapter 2. Af ter the synthesis, the substrates were washed with IPA and deionized water to 

remove precipitate remains. 

3.2.2. Influence of the seed-layer material in the nanostructures’ growth 

Thin films based-on zinc and tin   

In the literature f luorine doped tin oxide (FTO) appears as the most common seed-layer to 

induce the growth of  ZTO nanostructures. Thus, in this work FTO commercial glass (Sigma-

Aldrich) was also explored. FTO has a tetragonal crystalline structure, meaning that a = b ≠ c with 

equal angles.  

Figure 3.10 shows the SEM images f or the FTO seed-layers af ter ZTO synthesis with the 

solutions A and B. While for both solutions some nanowires grew directly in the substrate, other 

types of  structures are also present, showing a very poor uniformity/homogeneity. Nevertheless, 

since ZTO nanowires were produced we can assume that tuning f rom this syntheses’ conditions 

could result in a homogenous growth of  ZTO nanowires in the FTO f ilms. At the present stage, 

the identif ication of  these structures was not possible due to unclarity in the XRD and EDS 

analysis. 
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Figure 3.10. SEM images of nanostructures using FTO as seed-layer in (a) solution A and (b) 
solution B.  

In-house deposited ZTO, ZnO and Sn f ilms were also used with solutions A and B (ZnCl2 

and ZnAc). While ZTO is amorphous, ZnO presents a hexagonal wurtzite structure, whereas Sn 

has a body-centered tetragonal structure (bcc). Interestingly, as shown by SEM in Figure 3.11(a-

f ), all these cases resulted in the growth of  nanosheets across the thin f ilms. However, the phase 

identif ication of  these structures was not clear by XRD nor EDS, with further analysis being 

required to draw further conclusions. Nevertheless, it should be noted that nanostructures with 

this shape are of ten reported as ZnO with a hexagonal structure.24 Additionally, Figure 3.11(g  

and h) also shows the same type of  structures, but these were achieved employing a titanium thin 

f ilm (50 nm) which has an hexagonal close-packed structure. Similarly, the identif ication of  the 

structural phase was not clear enough neither by XRD nor EDS, making it dif f icult to draw 

conclusions on the ef fect of  the different kinds of  seeds. 
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Figure 3.11. SEM images of nanostructures grown with solutions A and B, respectively, on 
the thin film seed-layers: ZTO (a,b), ZnO (c,d), Sn (e,f) and Ti (g,h). 

Nevertheless, the obtained structures are very interesting for being used as active layer in 

catalytic, sensing and energy applications,25–28 with the specif ic cases of  Sn, FTO and Ti seed-

layers having the advantage of  being able to act as an electrode contacting the active layer.  

Stainless steel: substrate and mesh  

Based on the synthesis f rom Li et al.,22 f rom which is reported the growth of  Zn2SnO4 

nanowires f rom a stainless steel (SS) mesh, we also employed SS as a seed-layer, both in mesh 

and substrate forms (Sigma-Aldrich). SS has a cubic crystalline structure, coming f rom both the 

alpha iron (ferrite, body-centered cubic, bcc) or the gamma iron (austenite, face-centered cubic 

fcc) conf igurations that SS can have.  
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Figure 3.12 (a and b) shows the nanoparticles grown on the surface of  the SS mesh, for 

which the Zn2SnO4 phase can be identif ied by the XRD patterns (Figure 3.13a). As was observed 

in Chapter 2 for most of the obtained nanostructures, here it is also seen that employing the ZnAc 

precursor results in smaller nanoparticles than employing the ZnCl2 precursor. 

Interestingly, when employing the SS substrate, dif ferent nanostructures were achieved for 

the dif ferent zinc precursors (Figure 3.12 (c and d)). Using the ZnCl2 precursor, a sort of  

nanostructured thin f ilm composed of  octahedrons/pyramids was fabricated. Using ZnAc, 

nanowires were obtained in some areas of  the sample whereas other regions are covered with 

octahedrons/pyramids. 

 

Figure 3.12. SEM images of the nanostructures in the stainless steel: (a) mesh using ZnCl2; 
(b) mesh using ZnAc; (c) substrate using ZnCl2; (d) substrate using ZnAc. 

Concerning the identif ication of  these structures, the Zn2SnO4 phase was identif ied (Figure 

3.13) by the XRD patterns. Moreover, EDS element analysis presented a Zn:Sn atomic ratio of  

2:1, supporting the identif ication of  the Zn2SnO4 phase by XRD.  The XRD patterns in Figure 3.13 

show that the alloys f rom the mesh and the substrate dif fer in structure: the SS mesh shows both 

austenite and ferrite structures while the SS substrate presents only the austenite. While this can 

be related to why dif ferent types of  structures were achieved in these layers, it should be noted 

that both have a cubic crystalline structure, which can be related to the induction of  the Zn2SnO4 

phase, that has a spinel inverse cubic structure. 
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Figure 3.13. XRD patterns for (a) SS mesh and (b) SS substrate using ZnCl2 and ZnAc. 

 

Copper (Cu): foil and nanowires 

Commercial copper (Cu) foils (Coppertex, Illinois) were also explored as seed-layer, as its 

cubic face-centered structure is thought to be ef fective in inducing the Zn2SnO4 structure for the 

nanowires. For this, seed-layers solutions A to D were used, with synthesis durations of  12 h and 

24 h for each. 

Figure 3.14 presents the SEM images of  several nanostructures obtained in these 

conditions. It is interesting to note that the employment of  a lower purity EDA (75-80 % purity, for 

solutions C and D) results in dif ferent structures than for the case of  the purer EDA (99 % purity, 

for solutions A and B).  

Regarding the morphology of  the obtained structures, while using ZnCl2 and 75-80 % pure 

EDA (solution C) yielded a nanostructured f ilm of  octahedrons, using purer EDA (solution A) 

resulted in the Zn2SnO4 nanowires (all phases are identif ied by the XRD analysis, as shown next). 

This highlights the role of  EDA in directing the structures growth. Using ZnAc precursor, for 75-

80 % pure EDA (solution D) a nanostructured f ilm of  Zn2SnO4 nanoplates was produced, while 

99 % pure EDA (solution B) yielded Zn2SnO4 octahedrons. In general, it was observed that for 

24 h long synthesis the nanostructures start to aggregate in a thin f ilm like morphology (insets of  

Figure 3.14).  

Figure 3.15 shows the XRD patterns for the nanostructures grown on Cu foil using the 

dif ferent solutions. It can be observed that Zn2SnO4 is the identif ied phase for all samples (using 

the ICDD card #24-1470). It is important to notice that, similarly to the SS substrate, Cu also has 

a face-centered cubic (fcc) crystal structure, and the achievement of  the Zn2SnO4 phase was 

similarly observed. 
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Figure 3.14. SEM images of ZTO nanostructures growth on Cu foil by the 12 h hydrothermal 
syntheses with solutions A-D. The Zn precursors are: (a, c) ZnCl2 and (b, d) ZnAc and the 
EDA purities are (a, b) 99 % and (c, d) 75 %. Insets correspond to syntheses with 24 h. 

 

Figure 3.15. XRD patterns for the ZTO nanostructures grown on Cu foil using (a) ZnCl2 
(solutions A and C) and (b) ZnAc (solutions B and D) as zinc precursor, for different EDA 
purities and different synthesis times. 

Following f rom the satisfactory results achieved by employing solution A with the Cu foil, Cu 

nanowires were also tested as seed-layers for these conditions. Several reports show that 

decorating nanowires with nanostructures results in enhanced properties for applications such as 

sensing and catalysis.29 The Cu nanowires fabrication was reported in reference 23, and revealed 

a dominance of  cubic Cu (ICDD #04-0836) phase, with the CuO (monoclinic) and Cu2O (cubic) 

phases being also identif ied.  
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Figure 3.16 shows the SEM images and EDS mapping of  ZTO nanowires grown directly on 

the Cu nanowires. The EDS element analysis showed an atomic concentration ratio of : 21.22 % 

of  Zn, 22.83 % of  Sn, 55.00 % of  O and 0.95 % of  Cu, consistent with the ZnSnO3 phase which 

is also the mainly identif ied in the XRD pattern (Figure 3.16c).  

It is interesting to notice that dif ferent phases are achieved when using Cu foil or Cu 

nanowires as seed-layers. It is important to add that even if  the nanostructures grown on the Cu 

foil are Zn2SnO4 nanowires, the nanostructures achieved in a precipitate form during that 

synthesis are ZnSnO3 nanowires, which are consistent with those obtained without seed-layers  

as described in Chapter 2. This shows that under these chemical conditions and without the 

inf luence of  a seed-layer this is the preferentially grown structure. Since the Cu nanowires do not 

have a Cu pure phase, with CuO being also identif ied, it is probable that the surface of  the Cu 

nanowires consists on CuO (due to Cu easily oxidizing). CuO has a monoclinic structure which,  

similarly to the orthorhombic structure, has unequal lengths (a ≠ b ≠ c). As such, CuO might either 

be inducing the formation of  the orthorhombic phase (ZnSnO3) or even if  not playing a signif icant 

role in inf luencing the growth of  the nanostructures, the ZnSnO3 phase is still the preferential under 

this synthesis chemical conditions. 

 

Figure 3.16. (a) SEM image, (b) EDS analysis and (c) XRD pattern for the ZnSnO3 nanowires 
grown on Cu nanowires by the hydrothermal synthesis using solution A.  
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Seed-layers of other materials  

Other materials were used as seed-layer, giving rise to interesting nanostructures.  

A thin f ilm (50 nm) of  Cr was used in the syntheses with solutions A and B. Like Cu and SS, 

Cr has a cubic crystal structure, being however a body-centered cubic structure (bcc). Figure 

3.17 (a and b) shows the SEM images of  the nanostructures resultant f rom these syntheses were 

f lattened nanowires, here called as nanograss. 

A thin f ilm (50 nm) of  Ni was also used as seed-layer with solutions A and B, since it has a 

face-centered cubic (fcc) crystal structure, like Cu and SS. SEM images, in Figure 3.17 (c and 

d), show the resultant structures for these syntheses, which are wider than the nanograss like 

structures, almost nanosheet like.  

While both Cr and Ni seed-layers have a cubic structure, similarly to other seed-layers tested 

before, it was not possible to clearly identify the phase of  the resultant nanostructures as both the 

XRD patterns and EDS analysis present several unidentif ied peaks. 

 

Figure 3.17. SEM images of nanostructures obtained using: (a and b, respectively) Cr thin 
films as the seed-layer in the solutions A and B, and (c and d, respectively) Ni thin films as the 
seed-layer in the solutions A and B. 

 

Carbon f ibers were also used as seed-layer in synthesis with the solution A, as these 

materials are interesting for application in energy storage, such as supercapacitors and Li-

batteries.30 Flower-like nanostructures grew in the f ibers as shown in Figure 3.18. However, the 

XRD pattern does not present any peaks, either due to the low amount of  nanostructures in the 
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surface of  the carbon f ibers or due to a poor crystallinity of  these nanostructures, with further 

analysis being needed for the identif ication of  these nanostructures. 

 

Figure 3.18. (a) SEM images and (b) XRD pattern of nanoflowers grown on carbon fibers by 
the hydrothermal synthesis with solution A for 24 hours. 

3.2.3. Conclusions 

In summary, several seed-layers were tested for the synthesis of  the ZTO nanostructures. It 

was seen, in general, that the structures grown on the seed-layers were dif ferent than those 

obtained with the seed-layer f ree hydrothermal method (under similar synthesis conditions) 

showing the ef fectiveness of  the seed-layers in inf luencing its growth. Several types of  structures 

were obtained such as ZnSnO3 nanowires and Zn2SnO4 nanoparticles, octahedrons and 

nanowires. 

Seed-layers with hexagonal structures (ZnO and Ti) and tetragonal structures (FTO and Sn) 

resulted in the growth of  nanosheets of  unidentif ied phase.  Additionally, amorphous ZTO seed-

layers also resulted in these nanosheets.  

The seed-layers of  stainless steel (both mesh and substrate) and Cu foil, which have a cubic 

phase, induced the growth of  Zn2SnO4 phase (inverse spinel cubic structure). Dif ferent synthesis 

conditions resulted in nanostructures with dif ferent morphologies being that Zn2SnO4 nanowires 

were also successfully obtained. Nonetheless, for Cr and Ni seed-layers (both also having a cubic 
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structure) nanograss structures of  an unidentif ied phase were achieved.  Using Cu nanowires as 

seed-layers resulted in ZnSnO3 nanowires, similarly to the seed-layer f ree synthesis, which can 

be related to the CuO monoclinic phase present in the Cu nanowires.  

Additionally, carbon f ibers as seed-layer promoted the growth of  small f lower-like 

nanostructures whose phase was not identif ied.  

While there seems to be a correlation between the phase of  the employed seed -layer and 

the resultant phase of  the nanostructures, this can be further clarif ied by a proper identif ication of  

the so-far unidentif ied structures. Furthermore, when employing the seed-layers, it was generally 

seen that while shorter times favored the producing of  nanostructures, longer times resulted in 

thin f ilms with a nanostructured surface. This emphasizes the inf luence of  the seed-layers in 

nanostructures’ growth, not only by inducing the phase but also by accelerating the growth 

process.  

3.3. Final remarks 

This chapter focused on alternative synthesis’ routes for achieving dif ferent types of  

nanostructures. 

While the optimized conditions for the seed layer f ree synthesis in the conventional oven was 

shown as a viable method to achieve ZnSnO3 nanowires, the employment of  microwave 

irradiation as heating method allowed to signif icantly reduce the time of  synthesis. Additionally, 

and aiming to achieve other types of  nanostructures (and with a reasonable yield), alternative 

processing conditions, very distinct f rom those of  the previous chapter, were tested. From these, 

Zn2SnO4 nanoparticles, Zn2SnO4 octahedrons and SnO2 nanoparticles were synthesized. 

Moreover, synthesis of  these nanostructures using the microwave system was also explored, with 

the similarity between the resultant structures showing the viability of  this approach. A  very 

signif icant reduction in the synthesis duration was seen for all cases, with decreases up to 20 h.  

As another approach to achieve dif ferent types of  nanostructures, the employment of  seed-

layers during the hydrothermal process was tested. Several seed-layers were explored which 

allowed to achieve ZTO nanostructures with dif ferent morphologies and phases, namely Zn2SnO4 

nanowires which had not been achieved by the seed-layer f ree syntheses, emphasizing the 

inf luence of  the seed-layers in the nanostructures’ growth. While some nanostructures’ phases 

were not identif ied, there seemed to be, in general, a correlation between the phase of  the 

employed seed-layer and the achieved nanostructures. Therefore, the direct growth of  ZTO 

nanostructures in the seed-layers presented as an interesting method for inducing the desired 

type of  nanostructures, being suitable for direct integration in devices by proper patterning of  the 

seed-layer materials. 
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Chapter 4 – ZnSnO3 Nanowires for Energy 

Harvesting and Electronic Applications 

In this Chapter it is described the application in energy and electronic devices of  the 

synthetized ZnSnO3 nanowires, f rom the optimized hydrothermal method as presented in Chapter 

2. Due to its interesting properties as a semiconductor, several applications can be explored for 

this material, nonetheless, the ZnSnO3 phase is well-known as a piezoelectric material. In this 

regard, the f irst part of  this Chapter presents energy harvester devices fabricated with a composite 

of  ZnSnO3 nanowires with a micro-structured f ilm of  PDMS. An electrical characterization of  the 

nanowires is then presented on the Chapter. Next on the chapter, and even if  piezoelectric 

devices can be considered as the most promising application for this material, its multifunctionality 

is shown by its application on resistive switching memory devices. The fabrication and 

characterization of  the devices were performed in the clean room facilities and laboratory 

resources of  CEMOP and CENIMAT. 

The following sub-sections 4.1 (energy harvesting), 4.2 (electrical characterization) and 4.3 

(resistive switching devices) are based on the following papers, in respective order: 

▪ A. Rovisco, A. dos Santos, T. Cramer, J. Martins, R. Branquinho, H. Águas, B. 

Fraboni, E. Fortunato, R. Martins, R. Igreja and P. Barquinha, Piezoelectricity 

Enhancement of  Nanogenerators based on PDMS and ZnSnO3 Nanowires through 

Micro-structuration, under revision ACS Applied Materials and Interfaces 2019  

▪ A. Rovisco, R. Branquinho, J. Martins, M. João Oliveira, D. Nunes, E. Fortunato, 

R. Martins and P. Barquinha, Seed-Layer Free Zinc Tin Oxide Tailored  

Nanostructures for Nanoelectronic Applications: Ef fect of  Chemical Parameters. 

ACS Appl. Nano Mater. 1, 3986–3997 (2018), DOI: 10.1021/acsanm.8b00743 

▪ A. Rovisco, J. Martins, A Kiazadeh, R. Branquinho, E. Fortunato, R. Martins and P. 

Barquinha, ZnSnO3 nanowires resistive switching memories, under preparation 

2019  
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4.1. Piezoelectric energy harvesters based on a micro-structured 

film of PDMS and ZnSnO3 nanowires   

4.1.1. Abstract 

The current trend for smart, self -sustainable and multifunctional technology demands for the 

development of  energy harvesters based on widely available and environmentally f riendly 

materials. In this context, ZnSnO3 nanostructures show a promising potential due to their high 

polarization, which can be explored in hybrid piezoelectric and triboelectric devices. Nevertheless, 

a pure phase of  ZnSnO3 is hard to achieve due to its metastability and obtaining it in the form of  

nanowires is even more challenging. Although some groups have already reported the mixing of  

ZnSnO3 nanostructures with polydimethylsiloxane (PDMS) to produce a nanogenerator, the 

resultant polymeric f ilm is usually f lat and does not take advantage of  an enhanced triboelectric 

contribution achieved through its micro-structuration. Herein, a micro-structured composite of  

nanowires synthesized by a seed-layer f ree hydrothermal route mixed with PDMS 

(ZnSnO3@PDMS) is proposed to produce energy harvesters. The performance of  the harvester 

with the optimized micro-structuration reaches an output voltage, current, and instantaneous 

power density of  120 V, 13 µA, and 230 µW·cm-2, respectively. The micro-structuration introduced 

herein has a double ef fect of  enhancing the piezoelectric ef fect of  the ZnSnO3 nanowires and 

increasing the triboelectric ef fect of PDMS. The performance of  this harvester enables lighting up 

multiple LEDs, thus proving great potential for wearables and portable electronics.  

4.1.2. Introduction 

Nowadays, there is an increasing demand for smart, self -sustainable and multifunctional 

technology to meet near-future concepts such as internet-of -things (IoT), while still desiring low-

cost and compact devices. For this, an increasing number of  objects with embedded electronics, 

sensors and connectivity is required. Developing self -powered sensors that can use the ambient 

environmental energy may be the key for these systems, allowing also the preservation of  global 

environment and sustainable economic growth.1  

One great renewable electricity source is the vibration energy harvesting, which has been 

explored essentially f rom electromagnetic, electrostatic and piezoelectric transduction.2 

Electromagnetic energy harvesters are the least reported ones, with an output voltage that is 

poorer when compared with the other two types, despite being the most indicated for stimuli with 

lower f requencies.3 Piezoelectric nanogenerators (PENG) are the most used transducers for 

mechanical vibrations, human motion, stream f low and acoustic noise.4 This type of  energy 

harvester provides higher output voltages, being however more ef f icient for high f requencies.1,3,5 

Triboelectric ef fect consists in the electric potential dif ference established when a periodic gap or 
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mismatch is induced by f riction between two contacted surfaces with opposite triboelectric 

polarities. In a triboelectric nanogenerator (TENG), this physical contact creates electrostatic 

charges, driving the electrons to f low back and forth between back-coated electrodes, and this 

phenomenon is more ef f icient for a low f requency range.1,2  Therefore, PENGs and TENGs have 

a high potential for dif ferent applications such as sustainable energy sources, biomedical systems 

and smart sensors.6 

Several materials have been used for piezoelectric energy harvesters, being the most 

common Pb(Zr,Ti)O3 (PZT), ZnO, ZnSnO3, BaTiO3 and GaN. Although PZT is the one with the 

highest piezoelectric constant, its conductivity is low and it is environmentally harmful .4 When 

looking for sustainable options it is important to have in mind the critical raw materials, avoiding 

not only the ones which are toxic and non-recyclable but also those which are scarce. Within 

these premises, Zn-based metal oxides such as ZnO and ZnSnO3 are some of  the most promising 

materials. ZnO has been widely used due to its easy synthesis and because of  the coupling of  

piezoelectric and semiconductor properties.1,7–9 ZnSnO3 appears to be an even better candidate 

for energy harvesting applications, having a higher polarization (≈59 μC/cm2) along the c-axis.10 

Moreover, the advantages of  zinc tin oxide (ZTO) are numerous. Not only both zinc and tin are 

abundant and recyclable, but also being ZTO a ternary oxide, its properties can be tuned by 

adjusting the cationic ratio, boosting its multifunctionality. Depending on the synthesis method, 

dif ferent morphologies can be produced.11,12 ZnSnO3 can even crystallize in two dif ferent 

structures, rhombohedral and orthorhombic.11,13,14 However, when subjected to high 

temperatures (> 700 °C) ZnSnO3 can suf fer a phase transformation into Zn2SnO4.15 Moreover, 

the presence of  two cations in ZTO makes the synthesis of  a pure single phase very hard to 

achieve. Several reports about the application of  ZnSnO3 micro and nanostructures in piezo and 

triboelectric nanogenerators were published in the last years. ZnSnO3 nanocubes have been the 

most reported structure with piezoelectric and piezoresistive ef fects for applications in energy 

harvesting and sensitive human motion sensors.1,4,16–23 More recently, in 2017 Guo et al. reported 

piezo-nanogenerators using f lat f ilms of  polydimethylsiloxane (PDMS) mixed with ZnSnO3 

nanoplates, produced by hydrothermal method, showing the dif f iculty to obtain a single and pure 

phase of  this material by solution process 4. Concerning ZnSnO3 micro/nanowires, due to the 

dif f iculty to produce this type of  structures by solution processes, there are only a few reports of  

generators making use of  vapor phase-based materials. In 2012 and 2013 Wu et al. reported 

nanogenerators of  ZnSnO3 microbelts, produced by thermal evaporation at 900 °C, generating a 

power output around 11 μW·cm−3.16,18,24 Furthermore, these ZnSnO3-based nanogenerators are 

generally based in f lat f ilms of  a mixture of  PDMS or other polymer and the oxide nano or micro -

structures,4,18,21–23,25–27 or simply use PDMS to encapsulate such structures,16,24 therefore not 

taking advantage of  the micro-structuration of  the polymeric f ilm to increase the ef f iciency in the 

transduction of  a force into an electrical output.28–34 

As presented in chapter 2, a seed-layer f ree hydrothermal route at 200 °C was optimized to 

produce well-controlled ZnSnO3 nanowires.14,35 Also in a previous work of  our group, the micro-
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structuration of  PDMS f ilm by laser engraving technique was studied and optimized to produce 

piezoresistive sensors, where several architectures were developed .36–38 To the best of  the 

authors’ knowledge, this is the f irst report on the use of  ZnSnO3 nanowires synthesized by a seed-

layer f ree hydrothermal route for energy harvesters. Furthermore, a new approach is explored 

herein, based in the micro-structuration of  a robust composite of  nanowires mixed with PDMS 

(ZnSnO3@PDMS) to improve the ef f iciency of  the force delivery to the nanowires, thus increasing  

their piezoelectric signal, and to enhance the triboelectric ef fect. By taking advantage of  both 

ef fects, the device is able to work under a wider range of  f requencies. The composite shows a 

great performance for piezo/triboelectric harvesters, especially when it is micro -structured, 

highlighting its potential for energy harvesting applications.  Moreover, it presents a signif icant 

boost on the energy harvesting capability compared to a ZnO@PDMS composite, which is a clear 

demonstration of  the advantages of  ZnSnO3 over ZnO for these applications. 

4.1.3. Experimental Section 

ZnSnO3 nanowires’ synthesis  

The ZnSnO3 nanowires were produced by hydrothermal synthesis in a conventional oven, 

using SnCl4.5H2O from Riedel-de Haën (0.01 M), ZnCl2 f rom Merck (0.02 M) and NaOH from 

Sigma-Aldrich (0.24 M) as precursors, and H2O and ethylenediamine f rom Sigma-Aldrich in a 

volume proportion of  7.5:7.5 mL as solvents, at 200 °C for 24 hours, based on the optimized 

process presented in Chapter 2.14,35 The resultant precipitate of  nanowires’ syntheses was 

centrifuged at 6000 rpm and washed several times with deionized water and isopropyl alcohol, 

alternately. The nanostructures were f inally dried at 60 °C, in vacuum, for 2 hours.  

ZnO nanowires synthesis  

For ZnO nanostructures synthesis zinc acetate dihydrate (Zn(CH3COO)2·2H2O; 0.45 M) f rom 

Sigma-Aldrich was dissolved in deionized water and sodium hydroxide (NaOH; 8 M) f rom Eka 

was added (solution A). In order to stabilize the nanostructures, to prevent the formation of  

agglomerates and to help with the nanorods length growth, a surfactant, sodium lauryl sulfate 

(NaC12H25SO4) f rom Scharlau was used, being also dissolved in deionized water with a molar 

concentration of  1.04 mM (solution B). The f inal solution was achieved mixing 2 mL of  solution A, 

5 mL of  solution B and 10 mL of  deionized water. The mixture was then transferred into  a Tef lon 

vessel (with a capacity of  50 mL). Three vessels were loaded at the same time into a CEM Mars 

One microwave, with a capacity for 12 vessels, being the microwave parameters set as 110 °C 

of  temperature, 600 W of  power, 7 min until reaching the set  temperature and then 40 min of  

synthesis. The resultant precipitate of  nanowires’ syntheses was centrifuged at 4000 rpm and 

washed several times with deionized water and isopropyl alcohol, alternately. The nanostructures 

were f inally lef t drying at room temperature for at least 72 h.39 
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Nanogenerators fabrication 

The ZnSnO3 nanowires were mixed with PDMS with a weight ratio of  20 wt.%. Then, the 

curing agent was added to the previous mixture in a 1:10 w/w ratio of  curing agent to elastomer. 

The mixture was then spin-coated onto each engraved acrylic mold at 250 rpm for 90 s, and 

degassed before curing the ZnSnO3@PDMS composite in an oven at 85 °C. Af ter 30 minutes of  

curing, a commercial PET/ITO substrate was placed on top of  composite f ilms, which were lef t in 

the oven until completing the curing. Four acrylic mold s were used, combining aligned or 

misaligned micro-cones cavities with pitches of  150 µm or 300 µm. These acrylic molds were 

produced on a previous work.36 The functional area of  the fabricated devices is 4 cm2. A 

composite of ZnO@PDMS was also explored to produce devices, aiming the comparison of  ZnO 

and ZTO nanowires performance. A representative schematic of  the devices’ fabrication is 

illustrated in Figure 4.1. 

 

Figure 4.1. Fabrication steps of a micro-structured nanogenerator. The inset is a photograph 
of one nanogenerator. 

Materials characterization 

The structural characterization of  the produced ZnSnO3@PDMS composite was done using 

a PANalytical's X'Pert PRO MRD dif f ractometer with Cu Ka radiation. The XRD data was acquired 

in the 10 ° – 90 ° 2θ range with a step size of  0.033 °.  The morphology and element analysis 

(SEM/EDS) were performed with a Carl Zeiss AURIGA CrossBeam (FIB-SEM) workstation.  

Nanogenerators characterization 

A constant force of  approximately 10 N was applied by a home-made pushing machine 

(Figure 4.2) with a linear motor (and a pushing area of  0.3 cm2) at a f requency ranging f rom 

0.5 Hz to 2 Hz to all devices. Besides the pushing machine, in order to test the devices with 
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dif ferent forces, a pen was used to apply human force between 12 N and > 100 N in an area of  

0.7 cm2. The output voltage was collected by a digital oscilloscope (Tektronix TDS 2001C), while 

the current output signals were acquired using a Keysight B1500A system. The force applied in 

the produced devices was estimated using a commercial force sensing resistor f rom Interlink 

Electronics (Ref . SEN05003).  

 

Figure 4.2. Photograph of the pushing machine used for the measurements. 

4.1.4. Results and analysis 

Characterization of the nanowires and the composite films 

Figure 4.3 shows the XRD patterns and morphology of  ZnSnO3 nanowires. These structures 

have an average length of  600 nm and diameter of  65 nm. Concerning the crystalline 

identif ication, although the #28-1486 card was deleted f rom ICDD database, this card f its well 

with ZnSnO3 orthorhombic phase. In ref  14 this identif ication was proven. Moreover, this card has 

been also widely reported as ZnSnO3 orthorhombic phase, emphasizing the identif ication.17,20,40–

42 

 

Figure 4.3. (a) XRD patterns of PDMS, ZnSnO3 nanowires@PDMS film and ZnSnO3 
nanowires before mixed with PDMS. The identification was following ICDD card #28-1486 as 
explained in ref 14. (b) SEM image of ZnSnO3 nanowires. 
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Figure 4.4a shows the SEM image of  the ZnO nanowires before being mixed with PDMS, 

while in Figure 4.4b the surface of  ZnO nanowires@PDMS f ilm is shown, being possible to 

observe the nanowires, which seem to be aligned horizontally. In Figure 4.4c the XRD patterns 

of  ZnO nanowires, ZnO@PDMS f ilm, and just PDMS f ilm are presented. A pure hexagonal ZnO 

phase is identif ied by the ICDD card #36-1451. 

     

Figure 4.4. Characterization of ZnO nanowires and ZnO nanowires@PDMS film: (a and b, 
respectively) SEM images and (c) XRD pattern. The identification was following ICDD card 
#36-1451.  

Piezoelectricity of ZnSnO3 nanowires  

The piezoelectric constant (d33) of  the ZnSnO3 nanowires was determined by piezoresponse 

force microscopy (PFM) measurements, performed in the University of  Bologna, with a value of  

23 ± 4 pm/V having been achieved. This value compares fairly well with what has been reported 

in the literature for 1D nanostructures produced by hydrothermal synthesis , as resumed by 

Ghasemian et al. and presented in Table 4.1.43 In fact, the obtained d33 (23 ± 4 pm/V) is surpassed 

only by the well-known BaTiO3 (31.1 pm/V) and LiNbO3 (25 pm/V) which contain critical raw 

materials, highlighting the interest in this material for piezoelectric applications.  
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Table 4.1. Piezoelectric coefficient of some of 1D piezoelectric nanostructures produced by 
hydrothermal synthesis.43  

Material d33 (pm/V) Ref. 

ZnSnO3 23 ± 4 This work 

BNT 15 43 

KNbO3 10.8 44 

SbSI 12 45 

Na6(W6O19)(SeO3)2 12 46 

NaNbO3 4 47 

BaTiO3 31.1 48 

LiNbO3 25 49 

KNbO3 11.6 50 

 

Devices characterization 

Optimization of the devices’ architecture 

Herein, two dif ferent nanogenerator architectures (an unstructured and a micro -structured 

one) were explored to study the inf luence of  the micro-structuration of  the ZnSnO3@PDMS 

composite in the devices’ performance. For the unstructured ZnSnO3@PDMS device the 

piezoelectric ef fect of the nanowires is emphasized, while for the micro -structured composite the 

triboelectric ef fect is potentiated. For the latter case, four dif ferent designs were explored, with 

aligned or misaligned micro-cones with dif ferent pitches (150 µm or 300 µm). 

For a better comparison between the devices and to get more reproducible results, a pushing 

machine was used with a pushing force of  10 N applied at a f requency of  2 Hz, with a pushing 

area of  0.3 cm2. Figure 4.5a and b show the output voltage and current of  devices with the 

dif ferent conf igurations previously described. In general, all the conf igurations present a 

reproducible output, both voltage and current. The insets in Figure 4.5 present the voltage and 

current output of  the device that presented the best performance (aligned cones with a pitch of  

300 µm), which shows a typical signal of  a piezoelectric or triboelectric device, with a positive 

peak originated f rom the pushing force and a negative peak resultant f rom the force releasing. 
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Figure 4.5. Output (a) voltage and (b) current generated from the ZnSnO3@PDMS device 
with different configurations: unstructured films, micro-structured films with aligned or 
misaligned micro-cones with a pitch of 300 µm. The insets show a magnified view of output 
voltage and current from the ZnSnO3@PDMS micro-structured films device with aligned 
micro-cones with a pitch of 300 µm. The circles represent average values with standard 
deviations (of 4 to 6 measurements) for positive and negative peaks. Abbreviations: A – 
Aligned, M – Misaligned, P – Pitch. 

The unstructured device has an evident piezoelectric output that comes f rom the ZnSnO3 

nanowires, showing a voltage and current output that is twice as high as that of  a device without 

nanowires (Figure 4.6 and Table 4.2). Still, the results highlight that the presence of  a micro -

structuration in the devices gives rise to a higher output when compared to the unstructured 

devices, suggesting two possible ef fects. Firstly , it is thought that the micro-structuration of  the 

f ilms concentrates the compressive forces into the cones, and so upon their compression and 

deformation, the nanowires dispersed in the micro-structures undergo a greater 

compression/bending, thus increasing their piezoelectric signal. The compressive forces do not 

actuate so ef fectively upon the nanowires in unstructured devices, which is illustrated in Figure 

4.7. Secondly, the micro-structures contribute for the enhancement of  the triboelectric ef fect due 

to the air gaps created between the cones and the PET/ITO electrode. Furthermore, devices with 

aligned cones present a slightly higher voltage than devices with misaligned cones, while for 

current output the alignment does not seem to produce a signif icant inf luence.  
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Figure 4.6. Output (a) voltage and (b) current signals of unstructured (green) and micro-
structured (with aligned micro-cones with a pitch of 300 µm, blue) PDMS films. 

 

Figure 4.7. Proposed schematic of force deformation for a micro-structured and unstructured 
device and photographs showing the cross-section of the devices before and after pushing 
force. Note that the images are not at scale. t (782 µm) and t’ (724 µm) are the thickness of 
the unstructured ZnSnO3@PDMS film before and after pushing, respectively.  

Table 4.2 presents the peak-to-peak output voltage and current values of  all the devices 

shown in Figure 4.5 and Figure 4.6. The conf iguration with aligned micro-cones with a pitch of  

300 µm has the best performance with a peak-to-peak voltage of  8.7 V and a peak-to-peak current 

of  1.25 µA (an instantaneous power density of  3.24 µW·cm-2), possibly due to a higher air-gap 

between the base of  the micro-cones and the PET/ITO electrode. This air-gap is smaller for the 

pitch of  150 µm due to a fusion ef fect that results f rom the fabrication process of  these f ilms 

(Figure 4.8).36 Additionally, the micro-cones for a pitch of  300 µm are higher, and so there is a 

greater volume to be compressed. Consequently, a greater number of  nanowires may be bent, 

thus increasing their piezoelectric signal.  
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Table 4.2. Piezoelectric/triboelectric peak-to-peak voltage and current from the devices shown 
in Figure 4.5 and Figure 4.6. 

Design 
Peak-to-Peak 
Voltage (V) 

Peak-to-Peak 
Current (µA) 

Unstructured PDMS 0.40 ± 0.05 0.06 ± 0.01 

Unstructured ZnSnO3@PDMS 0.50 ± 0.02 0.15 ± 0.01 

Micro-structured ZnSnO3@PDMS 

(Aligned cones, Pitch = 150 µm) 
3.80 ± 0.11 0.23 ± 0.01 

Micro-structured ZnSnO3@PDMS 

(Misaligned cones, Pitch = 150 µm) 
3.50 ± 0.16 0.24 ± 0.01 

Micro-structured ZnSnO3@PDMS 

(Aligned cones, Pitch = 300 µm) 
8.70 ± 0.12 1.25 ± 0.03 

Micro-structured PDMS 
(Aligned cones, Pitch = 300 µm) 

0.70 ± 0.05 0.10 ± 0.01 

Micro-structured ZnSnO3@PDMS 

(Misaligned cones, Pitch = 300 µm) 
4.80 ± 0.15 0.41 ± 0.03 

 

 

 

Figure 4.8. SEM images of micro-structured PDMS films. 

The voltage and current outputs for the device with the optimized conf iguration (micro -

structured f ilm with aligned cones with a pitch of  300 µm) but with dif ferent composites 

(ZnSnO3@PDMS, ZnO@PDMS or only PDMS) are shown in Figure 4.9 to further investigate the 

origin of  the output. ZnO was also used in the comparison due to its well-known piezoelectric 

ef fect and wide application.1 A much higher output is observed for the ZnSnO3@PDMS device 

when compared with the other two. Additionally, given the enhanced piezoelectric ef fect in the 

ZnSnO3@PDMS device, it has a better performance than the one without nanowires, for which 

only triboelectricity is generating a signal, highlighting the role of  the ZnSnO3 nanowires 

piezoelectricity in the devices’ performance. 
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Figure 4.9. Output (a) voltage and (b) current generated from the PDMS, ZnO@PDMS and 
ZnSnO3@PDMS micro-structured films devices with aligned micro-cones with a pitch of 
300 µm. The circles represent average values with standard deviations (of 4 to 6 
measurements) for positive and negative peaks. 

Frequency and pushing force dependence 

The voltage and current output variation with f requency is a well-known phenomenon for 

piezoelectric and/or triboelectric energy harvesters, and so it was investigated for the 

ZnSnO3@PDMS device with the optimized conf iguration. These tests were done with the pushing 

machine applying a f ixed force stimulus at a variable f requency, f rom 0.5 to 2 Hz. As shown in 

Figure 4.10a and b, both voltage and current output show a general trend to increase with 

increasing force stimulus f requency, reaching a maximum of  8.7 V and 1.25 µA with a pushing 

force of  10 N. This trend is in agreement with what has been reported for piezoelectric and 

triboelectric devices, which present higher output values with stimuli of  greater f requencies, 

possibly due to charges accumulation in the electrode.34,51,52 As it was previously verif ied, the 

optimized device has a constant and reproducible performance even for dif ferent pushing 

f requencies.  

To stimulate the device with larger forces, dif ferent levels of  tapping force using a pen (with 

an area of  0.7 cm2) were tested. Figure 4.10c to f  show the peak-to-peak voltage and current  

outputs obtained in these experiments. The results highlight that the nature of  these manual 

stimuli is dif ferent f rom those applied by the pushing machine: while the f irst are more impulse 

like, the latter resemble continuous-like stimulus. Therefore, for similar forces applied manually 

(between 12 N and 15 N), the device has a higher voltage and current output with values of  31.2 V 

and 1.8 µA, corresponding to an instantaneous power density of  8.2 µW·cm-2. The maximum 

output of  the device with this type of  stimuli was ≈ 120 V and ≈ 13 µA, corresponding to an 

instantaneous power density of  ≈ 230 µW·cm-2. 
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Figure 4.10. Output (a) voltage and (b) current generated from the ZnSnO3@PDMS micro-
structured films with aligned micro-cones with a pitch of 300 µm. The device was tested with 
a pushing force of 10 N applied at a frequency ranging from 0.5 to 2 Hz, with a step of 0.25 
Hz using a pushing machine (inset). The circles represent average values with standard 
deviations (of 4 to 6 measurements) for positive and negative peaks. Output voltage 
generated applying a human force (c) from 15-50 N and (d) over 100 N using a pen (inset) to 
deliver the stimulus. Output current generated applying a human force (e) from 15-50 N and 
(f) over 100 N using a pen to deliver the stimulus. 

Device stability  

In order to study device stability over time 12000 cycles were applied for 100 minutes without 

interruption with the pushing machine, on a nanogenerator with the optimized ZnSnO3@PDMS 

micro-structured f ilms. As shown in Figure 4.11a and b, despite a slight variation in the output, 

the device presents a stable performance even af ter being pushed over 12000 cycles. A similar 

performance is observed for this device when repeating the same proceeding one month later, 

as illustrated by Figure 4.11c and d (comparing to Figure 4.5). 
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Figure 4.11. Output (a) voltage and (b) current generated from the ZnSnO3@PDMS micro-
structured films with aligned micro-cones with a pitch of 300 µm. The device was tested with 
a pushing force of 10 N applied at a frequency of 2 Hz for 12000 cycles (100 min) using a 
pushing machine. Output (c) voltage and (d) current generated from the ZnSnO3@PDMS 
micro-structured films with aligned micro-cones with a pitch of 300 µm, one month after the 
measurements shown in Figure 4.5. The device was tested with a pushing force of 10 N 
applied at a frequency of 2 Hz using a pushing machine. 

Proof of Concept 

To test the device for a practical application it is relevant to investigate the electric power that 

the device can provide. Therefore, the output voltage, current, and instantaneous power of  the 

device with the optimized conf iguration were evaluated under several load resistances, as shown 

in Figure 4.12a and b. The output current decreases with an increasing load resistance while the 

output voltage increases. The instantaneous power increases with the load resistance, reaching  

a maximum peak of  1 µW with 15 MΩ, then decreasing for higher load resistances.  

The device with the optimized conf iguration was then directly connect to one white LED or 

f ive blue LEDs in series. The I-V curves of  the single and f ive LEDs are shown in Figure 4.13 and 

highlight that the single white LED needs at least 2.3 V and 1.56 µA to light up, while the f ive blue 

LEDs in series need 11.4 V and 0.13 µA. Figure 4.12.c and d show that af ter manually pushing 

the device either the single or the multiple LEDs in series could be light up, thus proving the 

applicability of  the device as a power energy harvester and supplier.  
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Figure 4.12. Output (a) voltage and current and (b) instantaneous power generated from the 
ZnSnO3@PDMS micro-structured films with aligned micro-cones with a pitch of 300 µm under 
several load resistances. The device was tested with a pushing force of 10  N applied at a 
frequency of 2 Hz using a pushing machine. Photograph of a device directly connected to (c) 
a single LED and (d) five LEDs in series, with the respective insets showing the LED/LEDs off 
and on (driven by the energy of the device). 

 

Figure 4.13. I-V curve of (a) a single (white) LED, and (b) five (blue) LEDs in series. (c) Table 
showing the necessary voltage and current outputs to turn on the LEDs. The I-V curves of 
commercial LEDs, used as practical applications of the fabricated ZnSnO3 nanowires@PDMS 
devices, were obtained by applying voltage sweep, using a Keysight B1500A system. 
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Table 4.3 shows a comparison between the device with the best performance produced in 

this work with the literature.  Although a direct comparison is not possible due to the lack of  some 

information f rom other works, the device produced herein shows a high performance for energy 

harvesting f rom stimuli with a moderate f orce, compatible with everyday activities. For example, 

the harvester could be attached to the bottom of  shoes to get energy f rom walking or running.  

The instantaneous power density reached herein is also one of  the highest reported so far, and 

only the ZnSnO3 nanocubes@PDMS composite reported by Wang et al. 25 has a higher response, 

but due to the lack of  information and quantif ication about the applied force, a direct comparison 

is not feasible. Nevertheless, these results highlight the potential for po wering portable 

electronics. Furthermore, given the higher f lexibility of the wires morphology when compared with 

cubes or other structures, the optimization of  the weight ratio between ZnSnO3 nanowires and 

PDMS is expected to result in devices with a greater output for the same stimulus, when compared 

to those presented in Table 4.3. Another strategy to further maximize the performance of  the 

devices is to align the ZnSnO3 nanowires poles inside the PDMS matrix with an external electric 

f ield. 

Table 4.3. Performance comparison of ZnSnO3 nanostructures-based piezo/triboelectric 
harvesters. 

Material 
Stimulus/ 
Applied 
Force 

Output 
Voltage 

Output 
Current 

Instantaneous 
Power Density 

Year/Ref 

Single-ZnSnO3 
microbelt@high 

temperature process 

Compressive 
strain 
N/A 

110 mV 80 nA N/A 2012/16 

Single-ZnSnO3 
microbelt@high 

temperature process 

Compressive 
strain 
N/A 

5.3 V 0.13 µA 11 µW·cm -3 2012/18 

ZnSnO3 
nanocubes@PDMS 

Motion of 
vehicle tires 

N/A 
20 V 1 µA·cm -2 - 2014/23 

ZnSnO3/MWCNTs 
Strain 
N/A 

40 V 0.4 µA 10.8 µW·cm -3 2015/22 

ZnSnO3 
nanocubes@PDMS 

Linear motor / 
Bending 

N/A 
400 V 28 µA 280 µW·cm -2 2015/25 

ZnSnO3 
nanocubes@PVDF 

Fatigue testing 
system 
489 N 

520 V 2.7 µA·m -2 - 2016/26 

ZnSnO3 
nanocubes@PVC 

Human finger 
N/A 

40 V 1.4 µA ≈ 3.7 µW·cm -2 2016/27 

ZnSnO3 
nanoplates@PDMS 

Bending 
N/A 

20 V 0.6 µA - 2017/4 

ZnSnO3 
Nanowires@PDMS 

Pen 
> 100 N 

≈ 120 V ≈ 13 µA ≈ 230 µW·cm-2 This work 
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4.1.5. Conclusions 

Piezo/triboelectric nanogenerators were fabricated using a composite f ilm of  PDMS and 

ZnSnO3 nanowires produced by hydrothermal synthesis at only 200 °C. The ZnSnO3 nanowires 

piezoelectric properties were assessed through PFM measurements, with a d33 between 20 and 

25 pm/V being determined. Several micro-structuration designs for the composite films were also 

studied to enhance the performance of  the sensors. Due to the natural orientation of  the 

nanowires in the PDMS f ilm, the micro-cones helped to improve the piezoelectric signal coming 

f rom the extremities of  the nanowires (c-axis) through an increased ef f iciency in the force 

transmission to the nanowires. Furthermore, the higher air-gap between the base of  the micro-

cones and the PET/ITO electrode enhances the triboelectric ef fect when compared to 

unstructured f ilms. The combination of  both ef f ects results in a better performance achieved for 

the conf iguration with aligned micro-cones with a pitch of  300 µm, showing a peak-to-peak voltage 

around 9 V and a peak-to-peak current of  1.25 µA for a 10 N stimulus applied by a pushing 

machine at a f requency of  2 Hz. When stimulated manually with a pen (a force over 100 N), a 

maximum output of  120 V and 13 µA was achieved, with an estimated instantaneous power 

density of  230 µW·cm-2. This instantaneous power density is enough for practical applications, 

such as lighting up LEDs, showing a great potential for energy harvesting in wearables.   
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4.2. Electrical properties 

As shown in Chapter 1, semiconductor nanowires have been increasingly used for electronic 

applications.53 Nanowires, by conf ining 2 dimensions, limit the carrier’s movement to a single 

dimension and the quantum-conf inement ef fect increases the density of  states. This allows for an 

elevated carrier mobility and reduces low-angle scattering resulting in an ef f icient electrical 

transport, especially desired for electronic applications.54 Regarding these applications, one of  

the def ining characteristics of  a semiconductor material is its electrical resistivity. Thus, herein 

this property was analyzed in single nanowires and will be presented next. 

4.2.1. Electrical characterization of ZnSnO3 nanowires 

Electrical measurements on single nanowires, although highly desirable for determining its 

electrical properties, presents itself  as a real challenge. In literature the reported characterizations 

are mainly related to nanowires with lengths > 10 µm. In this work, we present electrical 

characterization of  single nanowires with lengths below 1 µm. For this reason, the electrical 

characterization was performed inside an Auriga system (SEM) using 2-point probe structure with 

nanomanipulators, meaning that it was performed in vacuum. For these measurements the 

nanowires were drop-casted on a Si/SiO2 substrate, af ter being dispersed in isopropyl alcohol, 

yielding a low concentration solution which was sonicated during 5 min. Af ter drying, using a pick-

and-place approach isolated nanowires were contacted by Pt electrodes, deposited using 

localized e-beam assisted decomposition of  a C5H4CH3Pt(CH3)3 precursor introduced close to the 

sample surface using a gas injector system. Kleindiek nanomanipulators with W tips were then 

used to access the current-voltage characteristics, together with a semiconductor parameter 

analyzer (Agilent 4155 C).  Figure 4.14 shows images of  the SEM nanomanipulators and the W 

tips of  the nanomanipulators contacting the Pt electrodes during electrical characterization of  a 

single nanowire.  

 

Figure 4.14. Images of (a) SEM nanomanipulators and (b) the W tips of the nanomanipulators 
contacting the Pt electrodes during electrical characterization of a single ZTO NW. 
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The employed nanowires were synthetized by using the ZnCl2 precursor, with a Zn:Sn molar 

ratio of  2:1, H2O:EDA volume ratio of  7.5:7.5 ml and 0.240 M of  NaOH, as these are the optimal 

conditions in terms of  reproducibility and homogeneity. Figure 4.15a shows the obtained I-V curve 

by applying a voltage range of  -5 V to 5 V between the contacts, for a single nanowire with length 

and diameter of  769 nm and 63 nm, respectively. The background current between two electrodes 

deposited in the same conf iguration and distance (but without a nanowire connecting them) was 

also measured, as shown in the inset of  Figure 4.15b. This background current, resultant f rom a 

residual deposition of  the electrodes’ material over the sample, was taken into account on the 

calculation of  the nanowire resistivity. The signif icantly lower background current level compared 

to the actual measurement performed in the nanowire reinforces the validity  of  the nanostructure 

measurement. 

Since an ohmic behavior is observed, it is possible to determine the electrical resistance (R) 

of  the nanowire, by f itting the I-V curve, with the Ohm’s law. With the determined electrical 

resistance the resistivity, 𝜌, was calculated, which is def ined as: 

𝜌 = 𝑅
𝐴

𝑙
=
𝑉

𝐼
×
𝜋𝑟2

𝑙
 

Where R is the electrical resistance of  the nanowire as already mentioned, 𝑙 is the nanowire 

length, A is the cross-sectional area of  the nanowire and 𝑟 = 𝑑/2, where d is the nanowire’s 

diameter.  

Considering then Ohm’s law and the physical dimensions of  the nanowire, a resistivity of  

1.42 kΩ·cm was obtained, which is signif icantly higher than the reported by Xue et al. 

(≈73 Ω·cm)55 for ZnSnO3 nanowires, and by Karthik et al. (6 Ω·cm in vacuum) for Zn2SnO4 

nanowires.56  

In Figure 4.15c the resistivity for ZnSnO3 nanowires f rom dif ferent synthesis runs is shown. 

The resistivity values are shown to be relatively close, with an average resistivity of  

7.80 ± 8.63 kΩ·cm. The error bar presented in Figure 4.15c represents the uncertainty of  the 

resistivity, calculated f rom the propagation of  uncertainty, given by: 

∆𝜌 = √(
𝐴

𝑙
∆𝑅)

2

+ (
𝑅

𝑙
∆𝐴)

2

+ (−
𝑅𝐴

𝑙2
∆𝑙)

2

 

Where ∆𝑅, ∆𝐴 and ∆𝑙 are the uncertainty f rom the resistance, the area and the length, 

respectively.   
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Figure 4.15. (a) I-V curve for a single ZnSnO3 NW contacted by 2 Pt electrodes, measured 
inside SEM using nanomanipulators. (b) The inset shows an I-V curve used for background 
current extraction, taken from a similar sized Pt electrode structure, but without any NW 
connecting. (c) Resistivity values calculated for ZnSnO3 nanowires from different syntheses 
with respective uncertainties represented by the error bar. The measurements were 
performed in vacuum inside SEM tool. 

Samples 5 and 6 are f rom hydrothermal synthesis in a microwave setting the power at 80 W, 

maximum pressure at 270 PSI, at 200 °C for 4 h and 3 h, respectively. It can be observed that 

the values fall in line with those obtained f rom synthesis using the oven, which seems to indicate 

that the microwave approach can be a good alternative for this type of  synthesis.  

As explained for the optical properties analysis, the higher defect density associated with the 

low-temperature solution-based process is the most plausible explanation for the higher electrical 

resistivity reported here (Xue et al.55 synthesized nanowires by thermal evaporation at 990 °C and 

Karthik et al. 56 synthesized by vapor phase methods at 900 °C).  

We consider that to conclude whether the resistivity obtained here is too high for our targeted 

electronic applications would require device fabrication, e.g. f ield-ef fect transistors, where many 

other challenges need to be addressed, such as contact properties or electrostatic coupling 

between dielectric and semiconductor nanowire. Even if  the synthesized ZTO nanowires reveal 

to be too resistive for a certain application, there is still room for improvement, for instance by 

passivation of  surface-related defects by post-annealing in dif ferent environments and/or by 

coating with encapsulation f ilms.57,58 Nevertheless, even with the as-prepared nanowires other 

electronic applications can be explored, as the resistive switching memories shown in the next 

section.  
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4.3. Memristive and Light sensing Properties of Solution Based 

ZnSnO3 Nanowires 

4.3.1. Abstract 

Among oxide semiconductors zinc-tin oxide is an excellent option for this class of  materials: 

while critical-element f ree, its dif ferent nanostructures’ phases/morphologies culminate in a wide 

array of  applications due to their dif ferent and excellent properties. In this work, memristors 

employing drop-casted ZnSnO3 nanowires, produced by a seed-layer f ree hydrothermal synthesis 

at only 200 °C, are reported. The devices showed a very good performance with on/of f ratios 

> 107, and retention time higher than 5×104 s, bipolar operation and set/reset polarity points 

towards modulation of  a Schottky-like barrier for the resistance change mechanism. Moreover, 

these devices possess a remarkable sensibility to visible light showing an increase of  35 μA/s 

under illumination. The low-cost fabrication and room-temperature processing turn these results 

as promising for combined memristor sensing integration in ZTO-based multifunctional smart 

surfaces. 

4.3.2. Introduction 

Metal oxide materials have been widely used in thin-f ilm technology, either as dielectric, 

conductor or semiconductor. Nanostructures of  these metal oxides are very promising as next 

generation materials, with nanoscale devices based on them being in line with the demand for 

smart and multifunctional surfaces where transparency and f lexibility are a requirement.59 

Dif ferent applications have been explored using these materials, such as sensors, 

nanogenerators, transistors and memories.59–62 In respect of  the latter, resistive switching 

memories (memristors) have been proposed as a superior alternative for memories by possessing 

both very high integration capability and non-volatility (higher than f lash), while enabling access 

speeds close to that of  dynamic random-access memory (DRAM). Memristors also allow to 

overcome the low ef f iciency in data processing between memory and central process unit (CPU) 

by permitting in-memory computing. Additionally, high-speed data transmission can be achieved 

by photons when employing optoelectronic resistive switching devices, allowing for parallel data 

processing/communication or other concepts such as image processing .63 Memristors are 

typically composed by a metal-oxide-metal structure,64 where the modif ication of  the resistance 

state is due to the change of  an internal state variable in the oxide layer and the resistance change 

is non-volatile. Wide band gap semiconductors are good candidates for this application due to its 

highly mobile Fermi level, allowing for a strong modulation of  the resistance state.65 Furthermore, 

oxide semiconductors are also known as persistent photoconductors 66,67 which can be further 

studied for light sensor applications. Additionally, these properties can be applied for memsensing 
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devices, which combine the features of  resistive switching and sensing behavior in a simple MIM 

structure,68,69 meaning that the resistive switching can be also controlled by an external stimuli  

(photo illumination in this case).70  

Lately, semiconductor nanostructures have been used as the resistive switch layer 61, with 

zinc-tin oxide (ZTO) being one of  the employed materials. While avoiding critical elements, such 

as In and Ga present in the well-established indium-gallium zinc oxide (IGZO), ZTO still allows to 

achieve good optical, electrical and mechanical properties. As with IGZO, the multicomponent 

nature of  ZTO allows for a large f lexibility in tailoring material properties by tuning the cationic 

ratio.71 ZTO can crystalline in two phases: Zn2SnO4 and ZnSnO3. Zn2SnO4 is an n-type 

semiconductor material which has a high thermal stability and a high electron mobility 

(>100 cm2V- 1s-1).72 The ZnSnO3 phase is a perovskite material with excellent piezo and 

ferroelectric properties.73 These remarkable properties culminate in a wide range of  applications, 

the most common being photocatalysis, gas sensors, energy harvesting and electronics 11,12. ZTO 

was already reported as the active material in resistive switching memories in dif ferent forms, 

such as thin f ilm,74–77 ZnSnO3 nanocubes incorporated in polymers,78,79 ZnSnO3 nanocubes 

interspersed ZnO nanowires,80 and Zn2SnO4 nanowires.81,82 Additionally, ZnSnO3 nanowires 

were already reported for light sensing applications.66,83  

Nanowire structures are the most attractive for memristive applications, with the tailoring of  

its dimensions in line with the scaling pathway of  semiconductor devices .84 The fabrication method 

of  these nanowires typically consists in high-temperature, expensive physical techniques such as 

chemical vapor deposition (CVD) and thermal evaporation.55,81,82 In the current work we present 

devices fabricated using ZnSnO3 nanowires produced by a one-step seed-layer f ree hydrothermal 

synthesis at 200 °C and subsequently integrated in the memristor structure by drop casting.14 We 

note that the intuitive stochastic electrical properties of  memristors based on a network of  

nanowires/particles is a critical challenge stemmed f rom fabrication steps, being extremely  

dif f icult to maintain uniform electrical properties. However, thanks to compressive sensing 

applications, the randomness is not an issue and can even benef it low circuit complexity .85 Herein, 

the resistive switching properties of  ZnSnO3 nanowires are shown. The resistance states were 

found to be strongly modulated by the current compliance with on/of f  resistance ratios up to ≈ 107 

being  achievable. The resistive switching properties are demonstrated for the f irst time for ZnSnO3 

nanowires, to the authors’ best knowledge, furthermore, simultaneous light sensitivity was 

demonstrated, highly interesting for future concepts involving optoelectronic memristors.63 

4.3.3. Materials and Methods  

Device fabrication and characterization 

Random ZnSnO3 nanowires were deposited by drop casting on a glass substrate with a Pt 

thin-f ilm (50 nm thick) deposited by e-beam evaporation (home-made system). Ti/Au top 
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electrodes (6/60 nm thick and 500 µm diameter) were also evaporated in the same system, 

employing a shadow mask for patterning. The electrical characterization of  the ZTO nanowires 

memristors was performed using a semiconductor parameter analyzer (Keysight B1500A, Santa 

Rosa, CA, USA) and a manual probe station (Cascade EPS150 Triax, San Jose, CA, USA) under 

room temperature and in the dark. The common bottom electrode (Pt) was grounded and biasing 

was applied to the top electrode (Ti/Au). 

4.3.4. Results and Discussion 

Resistive Switching Memory Devices 

Memristors were fabricated with random orth-ZnSnO3 nanowires deposited on a continuous 

Pt f ilm, and Ti/Au electrodes were deposited on the top. The inset of  Figure 4.16a illustrates the 

device schematic.  

I-V curves were acquired by applying a voltage sweep to the top Ti/Au electrode while the 

bottom Pt electrode was grounded. The pristine state, shown in Figure 4.16a, resembles a diode-

like characteristic where a higher current f low is seen for negative voltages, corresponding to a 

forward bias of  a ZTO-Pt Schottky-like barrier. In Figure 4.16b a typically obtained I-V curve for 

these devices is presented, illustrating set and reset states. The devices showed a bipolar 

behavior with set (change f rom a high-resistance state (HRS) to a low resistance state (LRS)) 

occurring abruptly for negative voltages applied to the top electrode. The reset (change f rom LRS 

to HRS) is operated without current compliance and is typically an abrupt change too. The set 

and reset voltages presented some variation, with set voltages comprised typically between 

– 1.6 V and – 7 V, while reset occurred typically between 0.6 V and 4 V. Even if  the voltage 

required for the f irst set is not consistently higher than for subsequent sets, suggesting a forming-

f ree operation, the HRS af ter resets is considerably more conductive than the pristine state 

showing an irreversible resistance change. The variation within set and reset voltages can be 

attributed to the sample preparation method, which should result in a random nanowire 

distribution, hence the conductive paths can be formed in dif ferent ways and in f ilms with low 

compactness. It is interesting to note that the HRS still presents higher current for negative bias 

(forward polarization of  the ZTO-Pt barrier) than for positive bias, as in the pristine state. In fact, 

for positive bias, and specially for low voltages (0.1 V) very good on/of f ratios can be obtained, 

with around 7 orders of  magnitude between resistance states for devices set with 10 mA of  current 

compliance.  

Device set regarding dif ferent current compliances (CC) was evaluated and Figure 4.16c 

shows the dif ferent LRS and HRS (read at + 0.1 V) obtained as a function of  CC. Higher currents 

during the set process result in LRS with higher conductivities. Interestingly, the HRS is not 

signif icantly changed for CCs up to 10 mA, with resistances close to the pristine resistance being 

observed, suggesting an ef f icient reset process. A signif icant decrease of  the HRSs as CC is 
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increased above 10 mA is observed, suggesting that the set process is now changing the device 

permanently f rom its initial HRS. Retention tests were carried out using a reading voltage of  

- 0.1 V on devices SET with 10 mA of  CC. As presented in Figure 4.16d, devices showed a 

retention time of  at least 3×104 s with the current in the both states being fairly constant along the 

reading time. 

 

Figure 4.16. Electrical characteristics of the ZnSnO3 nanowire memristors. (a) Pristine diode-
like I-V characteristics and device schematic in the inset, (b) typical set and reset process, (c) 
LRS and HRS for devices set with different CC showing different possible resistance states 
and (d) retention characteristics for HRS and LRS (read at -0.1 V).  

As the metals employed for electrodes in these devices are not known to easily migrate 

under electric bias (unlike Cu or Ag), we exclude the hypotheses of  the formation of  a metallic 

f ilament. Nonetheless, memristors of  metal oxides employing a Ti electrode typically present the 

valence change mechanism, in which a f ilament comprised of  oxygen vacancies (abundant in the 

reduced oxide region at the oxide-Ti interface)61 can be formed between both electrodes resulting 

in the resistance change. However, the polarity of  the operation of  our devices is not consistent 

with this mechanism. In fact, the contribution of  the top interface can be excluded, as oxygen 

vacancies (positively charged) will not migrate through the bulk for negative voltages applied in 

the Ti electrode. On the contrary, the active interface should be the ZTO-Pt where a Schottky-like 

barrier plays an important role in the resistive switching. For this type of  devices, HRS to LRS 
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change is seen for forward biasing of  the rectifying junction, possibly by modulation of  the potential 

prof ile of  the barrier. Possible mechanisms for this modulation include depletion width modulation 

by electrochemical migration of  oxygen vacancies in the vicinity of  the interface,86 charge trapping 

at the interface,87 and reversal of  the ferroelectric polarization (by exceeding the coercive f ield)88,89 

in ferroelectric materials such as ZnSnO3.90,91 Additionally, a local reduction of  the oxide species 

could also result in a high carrier f low through the interface by forming a metal -metal junction. 

Regarding the absence of  the f ilament mechanism by driving of  the oxygen vacancies, we suggest 

that it can be explained by the random nanowire dispersion, which would dif f icult the formation of 

a continuous f ilament through all ZTO thickness. It should be noted that although crystalline, these 

nanowires have a considerable amount of  oxygen vacancies.14 Employing an inert top-electrode, 

that does not induce an oxygen vacancy pool in the ZTO, can be used to further clarify whether 

those vacancies are contributing to the resistance change. Temperature dependency of  the 

current can also elucidate on the type of  conduction, as does the scaling of devices to investigate 

the area dependency. The improvement of  the integration of  the nanowires in the device, either 

by controlled transfer methods for individualized devices or even pick -up approaches for single 

device structures  are envisaged for future work to enable these experiments.14 Nevertheless, the 

performance of  these devices already fares well compared to other previously reported employing 

ZnSnO3 nanostructures as shown in Table 4.4. This comparison emphasizes the potential of  the 

devices fabricated in this work, showing the higher on/of f  ratio reported for ZnSnO3 

nanostructures.  

Table 4.4. Performance comparison of ZnSnO3 nanostructures-based ReRAM. 

Active Layer 
VSET / 

VRESET (V) 

On/off 

ratio 
Retention 

Current 

compliance 
Year/Ref 

ZnSnO3 nanowires 

(Solution process at 

200 °C) 

-7 / 4 4 × 107 14 h 10 mA This work 

Zn2SnO4 nanowires 

(Thermal evaporation at 

800 °C) 

1.6 / - 1 105 5 months N/A 2012/82 

ZnSnO3 (powder) 

printed film 
8 / -8 300 3.33 h 1 µA 2016/75 

ZnSnO3 

nanocubes@PVOH 
1.5 / -1.5 1.65 × 102 36 h 100 mA 2016/78 

ZnSnO3 Nanocubes -2 / 2 10 24 h 100 nA 2016/92 
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Light sensing properties 

Due to the optical band gap of  the ZTO,14 allied with the nanostructured nature here 

employed, this material is expected to be a photosensitive semiconductor. Reports have already 

shown ZnO 93–95 and ZTO 66,96 nanostructures with light sensing properties. In fact, the devices in 

this work showed to be signif icantly photo sensible, even if  emp loying an opaque top electrode 

material. The devices were illuminated with visible light and biased with 0.1 V during and af ter 

illumination to read the device current. The light sensing properties are demonstrated in Figure 

4.17, where the response of  the device under and af ter illumination is shown.  

 

Figure 4.17. Photoresponse of the ZnSnO3 nanowire memristive device, under a visible light, 
with its spectrum shown in the inset. The dashed line represents the moment at which the 
light is turned off. 

Two superimposed curves are shown in Figure 4.17. The red curve depicts an initial faster 

increase/decrease of  the current level with/without illumination. The black curve shows that, given 

enough time of  illumination, the current level can saturate in current values similar to those of  the 

LRSs (for higher current compliances). A remarkable increase/decrease of  approximately 35 µA/s 

under illumination/dark is seen in this device, for currents far f rom the saturation current. While 

the nanowires’ conductivity is expected to increase under photo illumination,66 a narrowing of  the 

Schottky barrier will also contribute to the increase of  the device current: photo -generated holes 

can recombine with electrons in the space charge region and, additionally, oxygen vacancies 

ionized by the UV can move towards the interf ace.95,97 Af ter removing illumination, the conductivity 

of  the device will decrease slowly to its initial state, as both ionized oxygen vacancies and the 

captured holes are slow to drif t back to their original states due to their large ef fective mass and 

low mobility.97 
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4.3.5. Conclusions 

In summary, resistive switching memories using ZnSnO3 nanowires produced by solution-

based synthesis were successfully fabricated and reported for the f irst time. Although a 

preliminary integration method (drop-casting) was employed for device fabrication, very good 

performance was obtained revealing these structures as very promising for memristive 

applications. On/of f ratios in the order of  107 were obtained and the retention time is higher than 

14 h. Interestingly, the resistance change mechanism seemed to be due to the modulation of  a 

ZTO-Pt barrier, while f ilament formation by oxygen vacancy dif fusion doesn’t seem to happen. 

This gives more f lexibility in the employment of  electrodes and allows to avoid the typically more 

unreliable f ilamentary mechanisms. Additionally, the devices have shown an average increase of  

35 µA/s under illumination, showing potential for implementation as optoelectronic memristors or 

light sensing devices. It is expected that these results have a signif icant impact in advancing 

nanoelectronics as they demonstrate the feasibility of  employing ZTO nanowires by inexpensive 

low-temperature method to achieve high performing memristors, an important feature to be 

integrated with other ZTO based devices such as gas sensors, memories, batteries and energy 

harvesters, for achieving truly multifunctional smart surfaces. 

4.4. Final remarks 

In this chapter energy and electronic applications were explored by implementation of  the 

ZnSnO3 nanowires achieved with the optimized synthesis conditions. Piezoelectric 

nanogenerators were fabricated using a composite f ilm of  PDMS and the ZnSnO3 nanowires. The 

ZnSnO3 nanowires piezoelectric properties were assessed through PFM measurements, with a 

d33 of  23 ± 4 pm/V being determined. While a micro-structured design of  the f ilm slightly improves 

the device response when not using the nanowires (due to enhancement of  the triboelectric 

ef fect), a much more signif icant increase is seen when employing  the ZnSnO3 nanowires, which 

is attributed to their piezoelectric ef fect. Assuming a horizontal natural orientation of  the nanowires 

in the PDMS f ilm, the micro-cones improve the force transmission to the extremities of  the 

nanowires (c-axis), otherwise perpendicular to this axis. The practical implementation of  the 

devices was shown by lighting up LEDs, revealing great potential for energy harvesting in 

wearables. 

Electrical characterization of  several single nanowires was successfully performed inside a 

SEM tool. An average resistivity of  7.80 ± 8.63 kΩ·cm was calculated, which is signif icantly higher 

than the reported in the literature (≈73 Ω·cm) for ZnSnO3 nanowires. This can be attributed to the 

higher defect density resulting f rom the low-temperature solution-based process. While post-

processing steps such as annealing and/or passivation can still be explored for decreasing the 

defect density of  the nanowires, these properties have shown to be suitable for applications such 

as memristors and photosensors.  
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Resistive switching memories employing the ZnSnO3 nanowires were fabricated by drop-

casting the nanowires onto a platinum-covered substrate. While drop-casting was used as a 

preliminary integration method, a very good performance was obtained with on/of f  ratios in the 

order of  107 and retention times higher than 14 h. While still under investigation, the resistance 

change mechanism seems to be due to the modulation of  a ZTO-Pt Schottky like barrier, whereas  

f ilament formation by oxygen vacancy dif fusion is apparently excluded. Additionally, the devices 

have shown a signif icant response under visible illumination, with an increase of  35 µA/s. This 

can be applied for the implementation of  optoelectronic memristors or for light sensing devices.  

In summary, great results were shown with the application of  the ZnSnO3 nanowires 

produced by solution-based processes as energy harvesters and resistive switching memories. 

The implementation of  the nanowires in these devices was facilitated by its powder form arising 

f rom the seed-layer f ree nature of  the optimized synthesis. These two applications show already 

the great potential of  ZnSnO3 nanowires as multifunctional material, and that it should be 

considered for the future of  smart and self -sustainable surfaces.  
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Chapter 5 – Photocatalytic activity of ZTO 

nanostructures 

While the electronic and energy harvesting applications of  ZnSnO3 nanowires presented in 

the previous charter were the most explored during the work of  this dissertation, electrochemical 

applications were also evaluated. In this Chapter, the photocatalytic behavior of  three dif ferent 

ZTO nanostructures (nanowires, nanoparticles and octahedrons) in the degradation of  two 

dif ferent dyes is presented, under UV and visible light. The fabrication and characterization of  the 

devices were performed in the clean room facilities and laboratory resources of  CEMOP and 

CENIMAT. The contents of  this chapter are adapted f rom the following  article: 

▪ A. Rovisco, R. Branquinho, J. Deuermeier, J. Martins, T. Freire, E. Fortunato, R. 

Martins and P. Barquinha, Photocatalytic behavior of  solution-based Zn:Sn:O 

nanostructures, under submission 2019 
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5.1. Abstract 

Water pollutants are currently a major concern, and so there is a demand for simple 

processes for water treatment, with photocatalysis being one of  the most ef ficient and promising. 

Metal oxide materials are being widely studied for this application, due to their wide band  gaps, 

with nanostructures being very interesting in particular because of  their high surface to volume 

ratios. In this context ZTO nanostructures are very interesting , avoiding critical elements in favor 

of  abundant and non-toxic materials. In this section three dif ferent ZTO nanostructures, namely 

ZnSnO3 nanowires, Zn2SnO4 nanoparticles and Zn2SnO4 octahedrons, were studied for the 

photodegradation of  methylene blue and rhodamine B under both UV and visible light irradiation. 

The nanostructures were synthesized by a low-cost seed-layer f ree hydrothermal method at only 

200 °C, which increases application f lexibility by avoiding the use of  rigid substrates. In particular, 

ZnSnO3 nanowires showed an enhanced photocatalytic activity, especially under UV light, 

degrading both dyes in only 90 min. Moreover, these nanostructures clearly outperform Zn2SnO4 

nanoparticles and octahedrons in photocatalytic activity. This work shows the feasibility of  a 

simple, low-cost fabrication method in achieving structures with a good photocatalytic activity. 

5.2. Introduction 

Nowadays, environmental issues are a major concern around the world. Looking for 

sustainable approaches to decrease the problems caused by human activities and industrial 

actions, some metal oxides are being used as photocatalysts to breakdown dif ferent water 

pollutants.1–3 Brief ly, the photocatalysis is characterized by the degradation of  toxic contaminants 

into environmentally f riendly remains, being textile dyes the most common contaminants, which 

are not only toxic but also potentially carcinogenic.4,5 The photocatalysis is def ined by the rate of  

a chemical reaction under UV, visible or inf rared radiation, in the p resence of  a 

substance/material, named catalyst, which suf fers electronic excitation by light absorption, 

occurring a photoredox reaction and, consequently, the generation of  an electron-hole pair.6,7 The 

light energy for this electron-hole pair generation should be equal or higher than the band gap of  

the material.  

Although visible light represents close to 50 % of  solar light, UV light, representing only 

≈ 5 %, is the most common source for photocatalysts studies, since there are many materials that 

only have catalyst activity under UV light due to their optical band  gaps. Metal oxide 

semiconductor nanostructures are particularly interesting for this application, with band gaps 

close to the visible light energy, and high surface to volume ratios .8 Besides, semiconductors are 

advantageous when compared to insulators, since the band gap is much lower, meaning that a 

lower light energy is necessary to generate the electron-hole pairs.1 Furthermore, oxygen 

vacancies and the presence of  defects play an important role in the photocatalytic activity, 
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increasing the importance of  the metal oxide semiconductor nanostructures, especially when 

produced by solution processes which typically results in a higher defect density, due to the lower 

temperatures employed.7   

Thus, several metal oxide materials have been studied as photocatalysts, such as titanium 

oxide, zinc-based oxides and manganites.3,5,9–14 Although binary metal oxides have already 

demonstrated great catalyst properties, ternary oxides show higher stability in aqueous 

environments.12 Moreover, in ternary oxides by adjusting the cationic ratio it is possible to tune 

the material properties. Regarding zinc-based oxides, zinc-tin oxide (ZTO) has been greatly 

explored as photocatalyst.12,13,15–22 Furthermore, ZTO is a low-cost and environmentally f riendly 

material, and its nanostructures have been applied in several f ields, such as gas sensors, 23–25 

energy harvesting 26–29 and electronics.30–34  

The mechanism behind the photocatalytic activity of  semiconductors such as ZTO, can be 

represented by the following equations and by the schematic representation in Figure 5.1:4,15 

𝑍𝑇𝑂 → 𝑒− + ℎ+                                           (1) 

𝑒 − + ℎ+ → 𝑒𝑛𝑒𝑟𝑔𝑦          (2) 

ℎ+ + 𝐻2𝑂 → 𝐻+ + 𝑂𝐻˙                         (3) 

ℎ+ + 𝑂𝐻− → 𝑂𝐻˙                    (4) 

 𝑒− + 𝑂2 → 𝑂˙2
−          (5) 

𝑂°2
− + 𝐻+ → 𝐻𝑂˙2                               (6)  

(𝑂𝐻°, 𝑂°2
− ,𝐻𝑂°2

) + 𝑑𝑦𝑒 → 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛  𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠         (7) 

 

 

Figure 5.1. Schematic the reaction mechanism involved in the photocatalytic activity of ZTO 
nanomaterials. 
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Due to its multicomponent nature, two crystalline phases can be obtained for ZTO: Zn2SnO4 

and ZnSnO3, and both have been highly used as catalyst. The f irst is a n-type semiconductor with 

a A2BO4 cubic inverse spinel crystalline structure,8,22 and it is known by its wide band gap (3.6 eV), 

good stability in adverse conditions, and high mobility already achieved for specif ic nanostructures 

(112 cm2 V−1 s−1).32 The inverse spinel structures have some Zn2+ ions in tetrahedral A-sites, while 

other Zn2+ and the Sn4+ ions are located in the octahedral B sites. This ions inverted order leads 

to a non-stoichiometric material, resulting in important properties for catalyst applications such as 

low-visible absorption and high electron mobility .35 ZnSnO3 is a well-known ABO3 perovskite 

material, essentially for its great piezoelectric and ferroelectric properties, with a reported a band 

gap of  3.9 eV.36 Due to its piezoelectric properties, ZnSnO3 has also been used as piezocatalyst 

for dyes degradation.18–20 In ABO3 perovskite structure, A-site tends to stabilize the active B-site 

transition metal ion. The presence of  a corner-shared octahedral BO6 network leads to a high 

electronic and oxygen mobility which can contribute to the oxygen non-stoichiometry. Besides, 

the B-site transition metal ion valence state is essential to the activity of  perovskite oxide 

materials.2 Moreover, recently, Chen et al. reviewed the role of  piezoelectricity and ferroelectricity 

in photocatalysis and described that the photogeneration of  electron-holes is improved due the 

dipole moment formed by the polarization electric f ield across the polar materials .37 

Both ZTO phases have optical absorption in the UV region and for this reason ZTO has been 

mainly reported as catalyst under UV light irradiation.16,38,39 Still, a few groups already reported 

the use of  ZTO nanostructures as catalyst under visible-light.8,40,41 Furthermore, for both ZTO 

phases, dif ferent shapes can be obtained and, in 2010, Firooz et al. showed the importance of  

the shape and morphology of  the nanostructures for the photocatalytic activity, due to the 

available surface area.7  In the last few years, several types of  ZTO nanostructures (both phases) 

have then been used as catalysts, and even if  ZnSnO3 nanowires directly grown on a substrate 

were already used as catalyst, there are no reports employing these structures in powder form, 

due to the dif f iculty to produce this material.22 Herein, the photocatalytic behavior of zinc-tin oxide 

nanostructures in the degradation of  two dyes (methylene blue and rhodamine B) under both UV 

and visible lights was studied. Both phases Zn2SnO4 (nanoparticles, octahedrons) and ZnSnO3 

(nanowires) were tested. The nanostructures were synthesized by a low-cost and one-step seed-

layer f ree hydrothermal synthesis at only 200 °C, being the ZnSnO3 nanowires (in the powder 

form), to the authors best knowledge, applied for the f irst time as photocatalyst and revealing  

enhanced performance, leading to a complete degradation of  both methylene blue and rhodamine 

B in only 90 minutes (under UV exposure). Furthermore, the ZTO nanostructures with the best 

performance were reused for both dyes, showing the potential to be used for multiple water 

treatments. ZTO nanostructures were also used as catalyst under visible-light irradiation, where 

although a lower performance was displayed the results are highly promising towards visible light 

photodegradation.  
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5.3. Experimental Section 

5.3.1. Nanostructures’ synthesis 

ZnSnO3 nanowires and Zn2SnO4 octahedrons were synthesized via hydrothermal method in 

a conventional oven, using the same methodologies and reagents reported in Chapter 2 and in 

published articles.42,43 For the ZTO nanowires, the zinc (0.04 M of  ZnCl2) and tin (0.02 M of  

SnCl4·5H2O) precursors were dissolved separately in 7.5 mL of  deionized water and then mixed 

together. 7.5 mL of  the surfactant ethylenediamine (EDA) were then added and the solution was 

lef t stirring for 30 minutes, af ter which the mineralizer sodium hydroxide (NaOH, 0.24 M) was 

added. Regarding the octahedrons’ synthesis, the same reagents and procedure was used, with 

15 mL of  deionized water for solvent instead, and with no surfactant being added. Zn2SnO4 

nanoparticles were also synthesized by a hydrothermal method in a conventional oven. For this 

synthesis the zinc and tin precursors used were: 0.34 g of  zinc chloride (ZnCl2 f rom Merck, 98%) 

and 0.44 g of  tin tetrachloride (SnCl4·5H2O from Riedel-deHean, 98%), respectively, dissolved 

separately in 5 mL of  distilled water each, and then the dissolved SnCl4·5H2O was added to the 

dissolved ZnCl2. Next, sodium carbonate (Na2CO3 f rom Merck, 99.9%) solution (0.53 g in 5 mL 

of  water) was added dropwise to the mixture under magnetic stirring and allowed to mix for 

15 min.44 For all synthesis, the mixtures were kept in the electric oven (Thermo Scientif ic) at 

200 °C for 24 h, with a heating ramp of  200 °C/h, allowing the autoclave to  cool to ambient 

temperature naturally. Af ter the syntheses, the nanostructures (resultant precipitate) were 

centrifuged (high speed Neya 16) at 4000 rpm and washed several times with deionized water 

and isopropyl alcohol, alternately, and then were dried at 60 °C, in vacuum, for 2 h. 

5.3.2. Nanostructures’ characterization 

The structural and morphological characterization was performed with the nanostructures in 

powder form. Structural characterization was performed by X-Ray dif f raction (XRD) in a 

PANalytical's X'Pert PRO MRD dif f ractometer with Cu Kα radiation, with a data acquisition range 

of  10-90 ° 2θ range with a step size of  0.033 °. The morphology analysis of  the nanostructures 

was carried out using scanning electron microscopy (SEM) inside a Carl Zeiss AURIGA 

CrossBeam workstation. X-ray photoelectron spectroscopy (XPS) was acquired by a Kratos Axis 

Supra, using monochromated Al Kα irradiation (1486.6 eV). The acquisition of  the detailed scans 

was performed with an X-ray power of  225 W and a pass energy of  10 eV. 

5.3.3. Photocatalytic activity experiments 

The photocatalytic activity of  the fabricated materials was evaluated at room temperature 

f rom the degradation of  rhodamine B (RhB) and methylene blue (MB) f rom Sigma Aldrich. For 

each experiment, 40 mg of  each powder containing the dif ferent nanostructures was dispersed in 
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50 mL of  the RhB solution (5 mg/L) and MB (1.5 mg/L) and then stirred for 30 min in the dark to 

establish absorption-desorption equilibrium. The nanostructures were tested as photocatalysts 

under both UV and visible light. For the UV experiments 3 lamps aligned in parallel f rom Osram 

with 95 W and an emission wavelength of  254 nm (ozone f ree) were used. The solutions with the 

nanostructures were placed at a distance of  10 cm f rom the light source. The visible light exposure 

was performed using a LED solar simulator LSH-7320 (AM1.5 spectrum) with a power density of  

100 mW·cm-2, at room temperature. The absorption spectra were carried out using a PerkinElmer 

lambda 950 UV/VIS/NIR spectrophotometer. The measurements were done in the 250–800 nm 

range every 30 minutes, af ter 5 min of  centrifugation at 4000 rpm. The solution used for absorption 

measurement was then returned to the experimental recipient. In order to perform the reusability 

studies, the powder was washed several times with deionized water and isopropyl alcohol, 

alternately, collected by centrifugation at 4000 rpm and then dried again at 60 °C, in vacuum, for 

2 h. 

5.4. Results and analysis 

5.4.1. Nanostructures characterization 

In Figure 5.2, the XRD patterns and the SEM images of  the ZnSnO3 nanowires, Zn2SnO4 

nanoparticles and Zn2SnO4 octahedrons are presented. Herein, the ZnSnO3 phase is identif ied 

with #28-1486 ICDD card, which although was deleted f rom ICDD data base due to the similarities 

with the Zn2SnO4 and SnO2 (tetragonal) phases, as explained in reference 42, clearly matches 

with the orthorhombic structure, thus being used here to identify ZnSnO3.  

The optical band gap of  the ZnSnO3 nanowires and Zn2SnO4 octahedrons was reported 

before, being 3.60 eV and 3.46 eV, respectively.42 The optical band gap of  the Zn2SnO4 

nanoparticles was determined through the Tauc’s plot, presented in Figure 5.2e, with 3.61 eV 

being obtained. The optical band gaps show that the ZTO nanostructures optical absorption is in 

the UV region, being more promisor as catalyst under UV light irradiation. These values are 

presented in Figure 5.2f . 
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Figure 5.2. (a) XRD patterns and SEM images of (b) ZnSnO3 nanowires, and Zn2SnO4 (c) 
nanoparticles and (d) octahedrons. (e) Tauc’s plot for Zn2SnO4 nanoparticles. (f) Optical band 
gaps of the ZTO nanostructures, where the values for ZnSnO3 nanowires and Zn2SnO4 
octahedrons are from reference 42. 

 

Figure 5.3 shows the XPS spectra of  the ZTO nanostructures and for all samples it is 

possible to identify Zn, Sn, O and C in the survey spectra. Besides adventitious carbon on the 

surface, there is possibly also a contribution f rom the carbon tape used to mount the powder 

samples for the XPS measurement. In Figure 5.3b detail scans of  the of  Zn 2p3/2 emissions at 

1021 eV are presented, showing a zinc oxidation state of  Zn2+ for all samples.45 Figure 5.3c 

shows the Sn 3d5/2 peaks at 486 eV, characteristic of  the Sn4+ oxidation state.46 The peak at 

530 eV, shown in Figure 5.3d, corresponds to O 1s.  
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Figure 5.3. XPS spectra of ZTO nanostructures: (a) survey, (b) Zn 2p, (c) Sn 4d and (d) O1s.  

The atomic ratios (Sn/Zn) calculated f rom the spectra for each sample are 2.71 (ZnSnO 3 

nanowires), 0.72 (Zn2SnO4 octahedrons) and 0.99 (Zn2SnO4 nanoparticles). As previously 

discussed, while the identif ication of  Zn2SnO4 by XRD is very clear, the ZnSnO3 identif ication is 

not immediate since most of  ZnSnO3 peaks are common with either Zn2SnO4 or SnO2, leaving 

always the possibility of  these phases being mixed with the ZnSnO3 nanowires. Nevertheless,  

EDS analysis (as shown in Chapter 2) of  ZnSnO3 nanowires shows a Sn/Zn atomic ratio of  1.29 

(maximum),42,43 which is much lower than that determined with XPS. While this value is slightly 

higher than 1, this can be attributed to either residual Sn or small SnO2 nanoparticles, which are 

not visible at the nanowires’ scale. This would be even more relevant regarding the XPS 

technique, since the detection depth is only approximately 8 nm, leading to higher Sn/Zn ratios, 

as was observed. Regarding the EDS analysis of  Zn2SnO4 samples (Figure 5.4a and b), Sn/Zn 

atomic ratios of  0.56 and 0.50 are obtained for the Zn2SnO4 nanoparticles and Zn2SnO4 

octahedrons, respectively. Concerning these Zn2SnO4 samples, an increased tin concentration 

deduced f rom the XPS analysis compared to the EDS results indicates that a tin surface 

segregation exists. Hence, the increased surface to volume ratio of  the nanoparticles results in 

the detection of  more tin, compared to the octahedrons. Higher tin concentrations in zinc-tin oxide 

increase the materials carrier concentration.47 Thus, the higher asymmetry of  all peaks originating 

f rom the Zn2SnO4 nanoparticles, compared to the octahedrons, is related to an increased carrier 

concentration, causing the typical plasmon loss structures of  metallic degenerately doped 

materials.48  
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Figure 5.4. EDS analysis of (a) Zn2SnO4 nanoparticles and (b) Zn2SnO4 octahedrons. 

5.4.2. Photocatalytic activity under UV light irradiation   

The photocatalytic activity of  three dif ferent ZTO nanostructures (ZnSnO3 nanowires, and 

Zn2SnO4 nanoparticles and octahedrons) was investigated and compared under UV light 

irradiation on the discoloration of  two aqueous solutions, one with MB (1.5 ppm) and another one 

with RhB (5 ppm). The power of  the UV lamp was 200 W.  

Methylene blue degradation using ZTO nanostructures  

In Figure 5.5 is presented the performance of  ZTO nanostructures on the photocatalytic 

degradation of  MB solution as well as the degradation of  the MB solution without light and without 

ZTO nanostructures. Photocatalytic activity can be quantitatively evaluated by the 

photodegradation rate constant (k), using the pseudo -f irst order reaction kinetic model, 

represented by 𝑙𝑛 (𝐶0/𝐶) = 𝑘𝑡 , being C0 the initial concentration, (mg.L-1). 

The degradation of  the MB over time (in dark and under UV light irradiation), presented in 

Figure 5.5e, shows that without any irradiation (with and without nanostructures) only a very small 

degradation is observed, (≈ 4 %). On the other hand, the MB solution without nanostructures but 

under UV light showed a degradation of  ≈ 50 %, showing that this dye suf fers a degradation over 

the time even without a catalyst. Nevertheless, a high performance was observed for all the 

nanostructures (showing signif icant degradation under 3 h). Using ZnSnO3 nanowires a 

degradation of  ≈ 96 % in only 90 min is obtained, corresponding to a degradation rate, k, of  

0.0344 min-1, signif icantly better than what is achieved using Zn2SnO4 nanoparticles and 

octahedrons, where 120 min (k = 0.0269 min-1) and 180 min (k = 0.0179 min- 1) were required for 
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nearly full degradation, respectively. A photograph of  the MB solution before and af ter the 

photocatalytic degradation with the dif ferent ZTO nanostructures, showing the discoloration of  the 

solution, is shown in Figure 5.5g.  A summary of  the photodegradation rate constants obtained 

for the dif ferent nanostructures is presented in Figure 5.5h.  

 

Figure 5.5. Absorbance spectra showing the photocatalytic degradation of MB in the presence 
of (a) ZnSnO3 nanowires, (b) Zn2SnO4 nanoparticles, (c) Zn2SnO4 octahedrons, (d) reused 
ZnSnO3 nanowires as catalysts. (e) C/C0 comparison and (f) kinetic parameters of the MB 
degradation under UV light irradiation of the ZTO nanostructures. (g) Photograph of the initial 
MB solution and after degradation using each ZTO nanostructures. (h) Table with the 
degradation rates of MB using each ZTO nanostructures under UV light. 

Due to the better performance of  the ZnSnO3 nanowires, they were reused to evaluate their 

photocatalytic activity. In Figure 5.5e the C0/C of  reused ZnSnO3 nanowires is shown and while 

an increase of  the degradation time to twice was observed, the photocatalytic activity is still very 

satisfactory, presenting a degradation rate of  0.0136 min-1.49 The decrease of  performance could 

be related to a loss of  the quantity of  nanomaterial during the recovery and cleaning process. The 

possibility of recovery and reuse of  the catalyst is very important in the photocatalytic processes, 

contributing to the decrease of  the process costs, highlighting the importance of  photocatalysis 

for wastewater treatment at industrial applications. 
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Additionally, Figure 5.6a shows that by reducing the power of  the UV lamp to 95 W (1/3 of  

the initial power) the time for complete degradation increases only to 180 min (taking twice the 

time). Moreover, Figure 5.6b presents the degradation without stirring, showing that more 30 min 

are necessary to achieve a complete degradation, which can be attributed to a reduced surface 

area of  the nanostructures in contact with the solution, since they precipitate in the cup base. 

Nevertheless, for both cases good performances are achieved. 

 

Figure 5.6. (a and b) Absorption measurements and (c) degradation ratio (C/C0) over time for 
methylene blue under several conditions.  

The photocatalytic response of  the ZnSnO3 nanowires in the MB degradation is very 

satisfactory when compared with the literature. Wu et al. showed the photocatalytic behavior of  

ZnSnO3 nanowires, produced by thermal evaporation at 900 °C,  in the degradation of  MB 

solution, achieving 80 % of  degradation af ter 1 h of  exposure, whereas information on the 

employed lamp power was not provided, making it unfeasible to directly compare results.50 

Herein, ≈ 80 % of  degradation was obtained in only 30’ with stirring and a lamp power of  285 W, 

≈ 90 % af ter 90 min with stirring and a lamp power of  95 W, while without stirring and with a lamp 

power of  285 W a degradation of  ≈ 80 % was achieved af ter 120 min. 

Rhodamine B degradation using ZTO nanostructures 

Figure 5.7 shows the photocatalytic performance of  ZTO nanostructures on RhB solution. 

For this dye, the catalytic activity of  Zn2SnO4 nanoparticles and ZnSnO3 nanowires was very 
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similar, reaching almost a completely degradation of  RhB (≈ 96 %) in approximately 90 min, 

corresponding to degradation rates of  0.0362 min-1 and 0.0338 min-1, respectively. Interestingly, 

these are similar to the rate found for the ZnSnO3 nanowires for MB degradation. Concerning the 

Zn2SnO4 octahedrons, 210 min were necessary to reach the same level of  RhB degradation, 

corresponding to a rather lower degradation rate of  0.0140 min-1. Furthermore, as shown in 

Figure 5.7f , the RhB solution (without nanostructures) suf fers signif icantly less degradation under 

UV light irradiation than MB, emphasizing the catalytic activity of  the nanostructures, as the 

degradation is mostly due their activity. Therefore, both Zn2SnO4 nanoparticles and ZnSnO3 

nanowires were reused for degradation of  RhB under UV light (shown in Figure 5.7d, e and g). 

As was observed for the MB solution, while the degradation time increased almost 50 %, these 

photocatalytic activities are still very satisfactory, with degradation rates of  0.0133 min-1 and 

0.0131 min-1, for ZnSnO3 nanowires and Zn2SnO4 nanoparticles, respectively. To the author’s 

best knowledge, there are no reports on the RhB photodegradation using ZnSnO3 nanowires as 

catalyst, nevertheless, when comparing with Zn2SnO4 nanostructures the presented results are 

far f rom those reported by Zhao et al. where degradation rates of  0.1 min-1 were achieved, with a 

irradiation power of  300 W.49 

In Figure 5.7i a photograph of  the RhB solution, before and af ter the photocatalytic 

degradation with the dif ferent ZTO nanostructures, shows the discoloration of the solution where 

the nanostructures acted as catalysts. Figure 5.7j presents a resume of  the photodegradation 

rate constants obtained for the dif ferent ZTO nanostructures 

ZnSnO3 nanowires showed a higher degradation rate for both dyes than the Zn2SnO4 

nanostructures. This is most probably related to the geometry of  the nanostructures, since 

numerous advantages are attributed to the 1D structures for photocatalytic applications such as: 

ef f icient charge transport; large surface area; and high length-to-diameter ratios that enhances 

the light absorption and scattering properties.51 Concerning the performance of  the Zn2SnO4 

samples, the better performance achieved with the Zn2SnO4 nanoparticles, when compared to 

the octahedrons, can be related not only with geometry factors, but also with their higher carrier 

concentration, as observed trough the XPS analysis. 
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Figure 5.7. Absorbance spectra showing the photocatalytic degradation of RhB under UV-
light in the presence of (a) ZnSnO3 nanowires, (b) Zn2SnO4 nanoparticles, (c) Zn2SnO4 

octahedrons, (d) reused ZnSnO3 nanowires and (e) Zn2SnO4 nanoparticles as catalysts, 
under UV light irradiation (285 W). C/C0 comparison between (f) all these nanostructures and 
(g) the reused ZnSnO3 nanowires and Zn2SnO4 nanoparticles. (h) Kinetic parameters of the 
ZTO structures, with the respective fit curves. (i) Photograph of the initial MB solution and after 
degradation using each ZTO nanostructures. (j) Table with the degradation rates of MB using 
each ZTO nanostructures under UV light. 
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5.4.3. Photocatalytic activity under visible light irradiation  

Both ZTO phases have optical absorption in UV region, being more promisor as catalyst 

under UV light irradiation. Still, herein, the photocatalytic activity of  the three dif ferent ZTO  

nanostructures (ZnSnO3 nanowires, and Zn2SnO4 nanoparticles and octahedrons), on the same 

RhB and MB aqueous solutions, was also investigated under visible light irradiation. The power 

of  the visible light source used had a power density of  100 mW·cm - 2. The absorbance 

measurements were all performed f rom 200 to 800 nm, every 2 h.   

When using visible light irradiation, a complete degradation of  MB using ZTO nanostructures 

was achieved in 10 h. However, when investigating the degradation of  this dye without 

nanostructures under visible light it was found that the dye suf fers the same degradation without 

nanostructures. These results are shown in Figure 5.8.  

 

Figure 5.8. Degradation ratio (C/C0) over time of methylene blue in dark without 
nanostructures, and under visible light irradiation without nanostructures and using ZnSnO3 
nanowires, and Zn2SnO4 nanoparticles and octahedrons as catalysts.  

The photocatalytic degradation of  RhB under visible light was measured for 12 h (Figure 

5.9). A slight hypsochromic shif t of  RhB absorption bands can be observed af ter 4 h irradiation 

for all experiments due to the photooxidative N-de-ethylation of  RhB.52  

Af ter 12 h of  exposure RhB alone does not show signif icant change and in fact is similar to 

the control experiment performed in the dark. In the presence of  ZTO nanostructures and af ter 

12 h of  exposure, the amount of  RhB decreased by approximately 40 %, 50 % and 24 % when 

using ZnSnO3 nanowires, Zn2SnO4 nanoparticles and Zn2SnO4 octahedrons, respectively. Thus,  

even under visible light a faster degradation of  RhB is achieved due to the photocatalytic activity 

of  the nanostructures, especially when using Zn2SnO4 nanoparticles. Concerning this material,  

while the measured performance was bellow the 90 % degradation in 120 min achieved by Ali et 

al., a 5 times higher irradiation power than the applied in this work was employed, making a direct 

comparison unreasonable.41  

As expected, a much smaller degradation of  RhB is achieved using the ZTO nanostructures 

under visible light, when compared to the UV irradiation. Nevertheless, concerning to the optical 

band gap of  the ZTO nanostructures (3.4–3.6 eV), even when compared with TiO2 (3.05 eV), the 

photocatalytic activity is quite satisfactory.53  
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Figure 5.9. Absorbance spectra showing photocatalytic degradation of RhB under visible light 
in the presence of (a) ZnSnO3 nanowires, and Zn2SnO4 (b) nanoparticles and (c) octahedrons. 
(d) C/C0 comparison of the photocatalytic degradation between ZTO nanostructures. (e) Table 
with the degradation rates of RhB using each ZTO nanostructures under visible light. 

5.5. Conclusions 

In this paper ZnSnO3 nanowires in powder form, produced by hydrothermal synthesis, were 

used as photocatalyst for the f irst time, to the best of  our knowledge. This material showed a great 

performance in the photodegradation of  two dif ferent dyes, methylene blue and rhodamine B, 

under both UV and visible light irradiations, when compared with Zn2SnO4 nanoparticles and 

octahedrons. ZnSnO3 nanowires completely degraded both methylene blue and rhodamine B in 

only 90 min under 285 W of  UV light irradiation. These results show the versatility of  ZTO 

nanostructures to degrade dif ferent dyes. Moreover, the reusability of  these materials was also  

demonstrated, which is a very important property. As expected, due to the wide band  gap of  the 

ZTO nanostructures, their photocatalytic activity under UV light is much higher than under visible 

light. Still, using ZnSnO3 nanowires under visible light the amount of  rhodamine B decreased by 

40 % in 12 h and when using Zn2SnO4 nanoparticles 50 % of  rhodamine B was degraded in 12 h, 

which is signif icantly better than what is reported for some TiO2 nanostructures. 
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Chapter 6 – Electrodeposition for integration 

of ZTO-based nanostructures in devices 

 

In Chapter 6 the application of  ZTO and SnO2 nanostructures for pH sensors is presented. 

To fabricate these devices the electrodeposition of the nanostructures was explored as a transfer 

method.  The fabrication and characterization of  the devices were performed in the clean room 

facilities and laboratory resources of  CEMOP and CENIMAT. Table 6.1 summarizes the 

syntheses’ conditions of  the nanostructures used in this chapter.  

Table 6.1. Syntheses conditions of the Zn:Sn:O-based nanostructures used for pH sensors. 

Nanostructures 

produced 
Synthesis parameters 

Heating 

system 

ZnSnO3 

nanowires 

ZnCl2 / Zn:Sn – 2:1 / H2O:EDA – 7.5:7.5 ml / 200 °C / 

24 h 

(sub-sections 2.1 and 2.2) 

conventional 

oven 

Zn2SnO4 

nanoparticles 

ZnCl2 / Zn:Sn – 2:1 / H2O – 15 ml / 200 °C / 24 h 

(sub-section 3.1.4) 

conventional 

oven 

SnO2 

nanoparticles 

H2O:Ethanol – 6:10 ml / 140 °C / 4 h 

(sub-section 3.1.5) 

conventional 

oven 

SnO2 

nanoparticles 

H2O:Ethanol – 6:10 ml / 140 °C / 60’ 

(sub-section 3.1.5) 

microwave 

system 

 

The contents of  the section 6.2 are adapted f rom the following paper: 

▪ A. Rovisco, J. Neto, R. Branquinho, J. Martins, E. Fortunato, R. Martins and P. 

Barquinha, pH sensors based on electrodeposited ZTO nanostructures , under 

preparation 2019 
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6.1. Abstract 

In this work electrodeposition was employed as a transfer method for the integration of  ZTO-

based nanostructures synthesized by hydrothermal processes (ZnSnO3 nanowires, Zn2SnO4 

nanoparticles and SnO2 nanoparticles). With this method the integration of  the powder form 

nanostructures in pH sensors was achieved by a controlled deposition in specif ic substrate 

regions. pH sensors using zinc-tin oxide nanostructures were for the f irst time demonstrated, to  

the best of  author’s knowledge, reaching impressive sensitivities, especially those employing 

Zn2SnO4 nanoparticles for which the sensitivity (–58.6 mV/pH) was close to the theoretical 

maximum (–59 mV/pH). The performance of  pH sensors using SnO2 nanoparticles synthesized 

either in a conventional oven or in a microwave-system were found to be similar. Additionally, 

ZTO-based nanostructures were also deposited in carbon f ibers through electrodeposition for 

future application in energy storage devices. The electrodeposition technique was shown to be a 

promising integration method for implementation of  powder form nanostructures (as achieved by 

seed-layer f ree methods) in devices for dif ferent applications.  

6.2. pH sensors based on electrodeposited ZTO nanostructures 

6.2.1. Introduction 

The concept of  smart surfaces includes dif ferent kinds of  devices, where (bio)sensors are 

some of  the most interesting to integrate in this concept. For instance, for biomedical applications, 

f lexible, wearable, biocompatible devices for patient monitoring could allow for early diagnosis or 

optimization along the medical treatment. In this kind of  concepts, one of  the highly important 

parameters for monitoring is the pH.1,2 

pH sensors measure the hydrogen activity ( 𝑎𝐻
+) being the pH given by 𝑝𝐻 = −𝑙𝑜𝑔 𝑎𝐻

+ .2,3 The 

sensing in these devices can be categorized as electrochemical or spectrometric, with the 

electrochemical being divided into voltammetry (amperometry) or potentiometry.1,2 While 

approaches as ion sensitive f ield-ef fect transistors and solid-state pH sensors have been widely 

used, due to its robustness and fast response, in general these sensors are cumbersome, 

complex and require high power consumption.1 Potentiometry sensors however are very simple 

and ef f icient. These consist in measuring the potential between a pH sensitive electrode (swhich 

responds to the hydrogen activity in an electrolyte in solution) and a reference electrode (isolated 

f rom the solution) in an electrochemical cell. This measurement can be done under the condition 

of  zero current making this an equilibrium method.2 Moreover, using potentiometric 

microelectrodes of fers a high sensitivity and selectivity for f ine variation of  pH measurements  and 

allows the pH to be measured in small sample volumes.2 
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Particularly, pH sensors based on semiconductor oxides have been the target of  high 

attention.4 Similarly to what is observed for applications such as electronics and energy 

production/storage, these materials are advantageous compared to others due to the lower 

fabrications costs, high integration levels and high performance and sensitivity. Several oxide 

materials have been applied for pH sensors includ ing ZnO and SnO2.4–7 Properties such as 

stability, insolubility and electro-catalytic behavior have made these materials very attractive for 

pH sensors.8,9 Moreover, oxides are commonly amphoteric materials, enhancing their sensitivity. 

Multicomponent oxides have also been used as active layer in pH sensors, such as HoTiO3 and 

Eu2Ti2O7.10–12 These materials present the advantage of  having a better stability in aqueous 

solutions then binary oxides,13 furthermore, the adjustment of  their cationic ratio can be used to 

control their properties towards higher performances. While the ternary zinc-tin oxide (ZTO) has 

been widely used for sensor applications, especially for gas sensing, employment of this material 

for pH sensing is still quite limited, to the best of  our knowledge. The employment of  ZTO in these 

devices could benef it f rom its biosafety and its already known catalytic properties.  

As high levels of  integration for small size devices are desired, nanomaterials have been 

widely explored due their low dimensions. 1D materials are particularly interesting for this 

application: their large surface-to-volume ratio potentiate a short dif fusion distance of the analyte 

towards the electrode surface which results in good signal-to-noise ratio, faster response and 

high sensitivity.14 Furthermore, 1D materials typically have ef f icient charge transport, enabling a 

good electrical coupling with the working electrode.  

Herein, pH sensors using two dif ferent ZTO nanostructures (ZnSnO3 nanowires and 

Zn2SnO4 nanoparticles) are presented, being the f irst time these ternary nanostructures are 

implemented for this application, to the best of  the author’s knowledge. With excellent 

performances being achieved, especially in the case of  Zn2SnO4 nanoparticles in which a 

sensitivity close to the theoretical maximum was almost reached, the potentiality of  this material 

for sustainable, f lexible and biocompatible pH sensors is clearly shown. The powder form of  the 

ZTO nanostructures favors the use of  a simple electrodeposition method, which again showcases 

the higher f lexibility for application of  the nanostructures given by the seed-layer f ree nature of  

the optimized syntheses. Other transfer methods such as spin coating, drop coating and printing 

were also possibly viable methods, however electrodeposition appears as a superior alternative 

due to its conformable coating capability. 

6.2.2. Experimental details 

Nanostructures synthesis 

The ZnSnO3 nanowires were produced by the optimized seed-layer f ree hydrothermal 

syntheses described in Chapter 2, while Zn2SnO4 nanoparticles were synthesized by the method 

presented in sub-section 3.1.4. SnO2 nanoparticles were produced by both oven and microwave 
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hydrothermal synthesis. A summary of  the conditions for the mentioned synthesis is presented in 

Table 6.1. 

Devices fabrication 

A shadow mask of  polyethylene terephthalate (PET, f rom GoodFellow) was def ined by a 

laser cutter (Universal Laser System ULS3.50) and was used to pattern the electrodes. Ti/Au 

electrodes with 6/60 nm thickness were deposited by e-beam evaporation on a polyethylene 

naphthalate (PEN, f rom Teonex) substrate. On each electrode, a sensing area (1 mm2) was 

delimited using a wax printed layer (Xerox ColorQube 8570DNPS) on top of  the Ti/Au connection 

line. The remaining electrode is thus insulated f rom the solution for the electrodeposition.  

 Electrodeposition 

The nanostructures were dispersed in deionized water (1 mg/mL) and the solution was 

sonicated (HIELSHER M80) for 5 min before the electrodeposition process. A Gamry Instruments  

Reference 600 potentiostat/galvanostat was used to perform the electrodeposition of  the 

nanostructures on the patterned electrodes. The electrodeposition process was performed in a 

constant current mode (20 μA) for 900 s with a three-electrode conf iguration, which consists on 

an Ag/AgCl reference electrode (BASi), a platinum wire counter electrode, and the patterned gold 

layer (the working electrode), resulting in the deposition of the nanostructures in solution onto the 

patterned area. Next, the electrodes were rinsed with deionized water and then dried at 50 °C for 

1 h. A schematic representation of  the electrodeposition is illustrated in Figure 6.1.  

 

Figure 6.1. Schematic representation of the setup for the electrodeposition of the 
nanostructures onto the working electrode for the pH sensors.  
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pH sensor characterization 

Employing the same three electrode cell conf iguration, electrochemical impedance 

spectroscopy (EIS) measurements were performed, in a f requency of  1 to 105 Hz, with an AC 

voltage of  10 mV. This was performed both before and af ter the electrodeposition of  the 

nanostructures and was used to determine the depositions ef fectiveness. In the same 

conf iguration, and to determine the pH sensitivity of  the sensors, the o pen circuit voltage variation 

was measured immersing the sensors in commercial buf fer solutions with pH values of  4, 7 and 

10 (buf fer solutions, Roth) for 120 s at room temperature. 

6.2.3. Results and discussion 

ZTO nanostructures 

Electrodeposition of the ZTO nanostructures 

Two types of  ZTO nanostructures were employed in the pH sensors production: ZnSnO3 

nanowires and Zn2SnO4 nanoparticles. Based on previous work with electrodeposition of  

nanostructures,1 depositions under a constant current mode with 20 µA for 900 s were f irst tested. 

Figure 6.2 shows the SEM images of  the Ti/Au electrodes af ter electrodeposition of  each ZTO 

nanostructures where it is possible to observe that a higher amount of  Zn2SnO4 nanoparticles was 

deposited than for ZnSnO3 nanowires. This can be related to the shape, size or even adhesion of  

each type of  nanostructure, which can inf luence its deposition rate on the substrate.  

 

Figure 6.2. SEM images of the Ti/Au electrodes after the electrodeposition of (a) ZnSnO3 
nanowires and (b) Zn2SnO4 nanoparticles (20 µA for 900 s). 

Electrochemical Characterization 

In Figure 6.3 the impedance modulus and phase angle measured by the EIS for the working 

electrodes before and af ter the electrodepositions (20 µA, 900 s) of  the ZnSnO3 nanowires and 

Zn2SnO4 nanoparticles are presented. The impedance, changing f rom capacitive to resistive 
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regimes f rom lower to higher f requencies, seems to be consistent with a series RC circuit. While 

the electrodeposition of  ZnSnO3 nanowires did not cause a signif icant change in the phase angle, 

an unexpected increase of  the impedance was observed, which may arise f rom the nanowires’ 

signif icant resistivity, which is probably dominating over an increase of  the electrochemical 

surface area. For the case of  Zn2SnO4 nanoparticles however, a signif icant decrease of  the 

impedance is observed. This can be attributed  to the increase of  electrochemical surface area, 

which is also relevant for enhancing the sensor’s sensitivity. Regarding the phase angle, in the 

low-f requency range, values close to - 90° indicate a capacitive regime for all measurements .  

However, the f requency range in which the phase is close to - 90° decreased with the Zn2SnO4 

nanoparticles deposition. For higher f requencies (104-106 Hz), both for pristine electrodes and for 

electrodes with ZTO nanostructures, the impedance is mostly resistive (with a phase angle close 

to 0º) with the modulus of  the impedance representing the series resistance of  the measured 

system, which in this case should be determined by the impedance of  the solution.4 

The dif ference between the impedance curves induced by the deposition of  the 

nanostructures was much higher for the Zn2SnO4 nanoparticles than for the ZnSnO3 nanowires,  

which is in agreement with the dif ference in ef f iciency of  deposition as observed in the SEM 

images. 

 

Figure 6.3. Bode impedance modulus and phase diagrams for the working electrodes before 
and after the electrodeposition of (a) ZnSnO3 nanowires and (b) Zn2SnO4 nanoparticles.  

pH sensitivity 

In order to determine the pH sensitivity of  the prepared samples, the measurement of  the 

open circuit voltage (or potential) was performed, dipping the sensor (working electrode) in 

commercial buf fer solutions with pH values of  10, 7 and 4 for 120 s, with the measured potential 

being dependent on the solutions’ pH. Linear relations between pH and potential can be described 

by the Nernstian equation which at 25 ˚C is given by (1). 

𝐸 = 𝐸0 − (2.303𝑅𝑇/𝐹) 𝑝𝐻 = 𝐸0 − 0.05916 𝑝𝐻                                        (1) 
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where 𝐸0 is the standard electrode potential, T is the temperature, R is the gas constant and F is 

Faraday’s constant, with the sensor’s sensitivity being the slope of  the E - pH straight line.2 While 

sensitivities in the range of  50-70 mV/pH are considered to be acceptable for the desired 

application, it should be taken into account that the theoretical maximum sensitivity (Nernstian 

sensitivity) at 25 °C is −59 mV/pH. Ideal sensitivities correspond to a situation where all space 

charges are formed, due to the redox reaction, and indicate that the sensor is performing properly.  

Figure 6.4 presents then the response measured for the Au electrode without nanostructures 

deposition and for the electrodes with the electrodeposited (20 µA, 900 s) ZnSnO3 nanowires and 

Zn2SnO4 nanoparticles. The determined sensitivity when using Zn2SnO4 nanoparticles as 

sensitive material was −58.6 ± 2.7 mV/pH, being that this value is very close to the theoretical 

maximum, while using ZnSnO3 nanowires yielded −54.0 ± 2.7 mV/pH. Furthermore, the low 

sensitivity (−9.7 ± 2.8 mV/pH) measured for the Au electrode without nanostructures emphasizes 

the role of  the oxide nanostructures in the increase of  pH sensitivity.  

 

Figure 6.4. pH sensitivity measured from pH 10 to 4 of (a) Au electrode, (b) Au electrode with 
ZnSnO3 nanowires and (c) Au electrode with Zn2SnO4 nanoparticles. The nanostructures 
were deposited by electrodeposition under a constant current of 20 µA for 900s. The 
uncertainty corresponds to the standard error from the linear regressions, and R2 is the 
correlation coefficient. 
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These sensitivity values are much higher than those usually reported for the binary oxides 

ZnO and SnO2,4–6 which may be related to either their superior electrical properties or their 

improved stability. In fact, higher pH sensitivity has been reported for multicomponent oxides, 

such as HoTiO3, and Eu2Ti2O7. 10–12 

For the nanostructures’ electrodeposition optimization, several current levels were tested. 

Figure 6.5 shows the sensitivity values for the devices fabricated with respec t to the dif ferent 

current levels applied during the electrodeposition of  the ZTO nanostructures, for ZnSnO3 

nanowires and Zn2SnO4 nanoparticles.  

 

Figure 6.5. pH sensitivity values measured for devices using different applied current levels 
during the electrodeposition of (a) ZnSnO3 nanowires and (b) Zn2SnO4 nanoparticles.  

For ZnSnO3 nanowires, the best device performance was obtained for depositions with a 

current value of  10 µA, in which a sensitivity of  −57.8 ± 1.4 mV/pH was achieved. While slightly 

lower than the sensitivity reached using Zn2SnO4 nanoparticles, this value is still close to the 

theoretically maximum value. Regarding the devices with the Zn2SnO4 nanoparticles Figure 6.5b 

shows that higher sensitivity was obtained f rom the initial conditions, i.e. 20 µA and 900 s. In both 

cases, it was seen that the sensitivity decreases for electrodepositions with currents levels higher 

than approximately 30 µA, and it was in fact seen through SEM that a low concentration of  

nanostructures was present in the electrode for the higher currents. Current levels of  200 µA were 

also tested, but water electrolysis was observed under these conditions. While a dispersed 

distribution of  nanostructures was observed in the electrodes, a very high performance was 

obtained with both ZTO nanomaterials, showing that even a low quantity of  nanostructures is 

enough to obtain a high sensitivity, which implies that these are highly sensitive to pH variations.  

For the establishment of  these devices as viable alternatives, assessment of  their 

reversibility and reproducibility is a key aspect. In this regard, further studies concerning the 

integration of  the nanostructures in the electrodes are envisaged.   
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SnO2 nanoparticles 

Similar to the methodology used for devices with the ZTO nanostructures, a current of  20 µA 

was applied for 900 s for the electrodeposition of  SnO2 nanoparticles onto Ti/Au electrodes, and 

the same concentration (1 mg/ mL) was used for the dispersion. This method was applied for both 

nanoparticles produced using conventional oven or a microwave system. The response 

measured f rom the corresponding devices, as well as their sensitivity, are shown in Figure 6.6. 

Only a slight dif ference in the sensitivity value was observed between these, with a higher 

sensitivity being obtained for the SnO2 nanoparticles produced in a conventional oven 

(−47.7 ± 0.2 mV/pH) when compared to those produced in the microwave system 

(−45.4 ± 1.3 mV/pH). However, these values are still below those reported using SnO2 

nanoparticles in ISFET technology (−58 mV/pH).7,15 Nevertheless, as in the case for the ZTO 

nanostructures, the electrodeposition conditions for the SnO2 nanoparticles are not yet optimized, 

nevertheless not only was it possible to prove the promising application of this material, as it was 

shown that SnO2 nanoparticles produced using a conventional oven or a microwave system have 

similar pH sensing properties. 

 

Figure 6.6. pH sensitivity measured from pH 10 to 4 for devices employing SnO2 nanoparticles 
produced by hydrothermal method using a conventional oven and a microwave-system. 
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6.3. Carbon fibers covered by ZTO-based nanostructures  

6.3.1. Introduction 

Regarding energy storage and conversion, electrochemical capacitors (supercapacitors or 

SC) and rechargeable lithium-ion batteries are the most promising candidates. Depending on its 

charge store mechanism electrochemical capacitors can be considered electrical double layer 

capacitors (EDLC), in which charged ions are adsorbed-desorbed f rom an electrolyte onto high 

surface area electrodes, forming a double layer, or redox SCs where charge storage is given by 

fast redox reactions of  active species on the surface of  electroactive materials.16 The electrodes 

control the properties of  these devices by determining the capability, delivery rate and ef f iciency 

of  energy storage. For EDLC, high surface area carbonaceous materials are employed  as 

electrodes.17 Regarding redox SCs, metal oxides have been widely used for these applications 

due to their high specif ic capacitance and energy density. Moreover, ternary metal oxides have 

shown higher supercapacitive performance than single component metal oxides due to their 

multiple oxidation states.16 Similarly, for lithium-ion batteries, carbon-based anodes can also be  

employed, and it is largely reported that the inclusion of  oxides nanostructures in these devices 

increases the capacity by increasing the surface area and reducing the Li+ dif fusion path length. 

Furthermore, addition of  the nanostructures leads to the forming of  stable solid electrolyte 

interphase layers that mitigate the mechanical stress during lithiation/delithiation enhancing the  

cyclability and battery lifetime.18 

Depositing nanostructured metal oxides in carbon f ibers can result in electrodes with good 

electronic conductivities, with the added benef its previously described for the use of  metal oxide 

materials. Notably, the employment of  nanomaterials will result in a very high specif ic surface 

area: the more ef f icient contact between electrolyte ions and electrodes increases the capacity 

while the decrease in the ions/electrons transport/dif fusion lengths results in faster kinetics.19,20 

Specif ically concerning ZTO nanostructures, several reports showed the great potential of  these 

materials for both supercapacitors and batteries.21–24 As so, although these applications were not 

yet explored in this work, we tested two approaches for implementation of  ZTO nanostructures in 

carbon f ibers, consisting in a direct growth method during the hydrothermal synthesis (which was 

described in Chapter 3) and in the electrodeposition of  different ZTO-based nanostructures in the 

carbon f ibers, which are described next. 

6.3.2. Electrodeposition of ZTO nanostructures on carbon fibers 

The same electrodeposition methodology used for pH sensors production, using a constant 

current of  20 µA for 900 s to deposit the nanostructures f rom a well dispersed suspension, was 

employed here however now the carbon f iber acted as the working electrode. Af ter the 
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nanostructures’ deposition, the carbon f ibers were rinsed with deionized water and lef t to dry  

naturally. Figure 6.7 shows the SEM images of  the carbon f ibers covered with the dif ferent 

nanostructures tested.  

As it is possible to observe, the dif ferent nanostructures were successfully deposited onto 

carbon f iber electrodes, however Zn2SnO4 nanoparticles covered a higher area and resulted in a 

more homogeneous coverage. This can be due to either the higher homogeneity of  the Zn2SnO4 

nanoparticles or its smaller sizes when compared with the other structures. Interestingly, these 

nanostructures also presented a better electrodeposition on Ti/Au electrodes for the pH sensors. 

Figure 3.18a (Chapter 3) presented the SEM image of  the f iber af ter direct growth of  ZTO 

nanostructures using the hydrothermal synthesis parameters optimized to obtain ZnSnO3 

nanowires. It can be observed that a dif ferent ZnSnO3 nanostructure (“nanof lower”) is grown, due 

to the substrates inf luence during synthesis. This highlights the f reedom given by employing a 

seed-layer f ree method in achieving the desired nanostructures, even if  it does require a post-

synthesis transfer method as electrodeposition. 

 

 

Figure 6.7. SEM images of different ZTO and SnO2 nanostructures transferred to carbon 
fibers by electrodeposition. 
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6.4. Final remarks 

In this chapter, electrodeposition was explored as a transfer method for employing the powder 

form nanostructures into devices. Namely, pH sensors were produced using three zinc and tin 

oxide-based nanostructures: ZnSnO3 nanowires, Zn2SnO4 nanoparticles and SnO2 nanoparticles. 

When using the ZTO nanostructures excellent results were obtained, with sensitivity being close 

to the theoretical maximum. To the best of  our knowledge, this ternary material was used for the 

f irst time as sensitive layer in pH sensors and considering the achieved performance the potential 

of  employing it for sensing in smart surfaces is clearly demonstrated, emphasizing the 

multifunctionality of  this material system. Nevertheless, there is still room for optimization, with 

stability and reliability still needing to be accessed. Regarding the SnO2 nanoparticles, even if  the 

measured sensitivity is not as high as for the ZTO structures, the results for the nanostructures 

produced using a conventional oven and a microwave system were quite similar, implying that 

the dif ferent synthesis methods can result in nanostructures with very comparable properties.  

The electrodeposition technique was also applied to transfer the ZTO-based nanostructures 

to carbon f ibers for future application in batteries and supercapacitors. While still in a preliminary 

stage, ef fective coverage was observed, with Zn2SnO4 nanoparticles presenting a higher 

homogeneity on the carbon f ibers. 

Therefore, while there is still room for improvement, the electrodeposition method revealed  

to be a useful technique in transferring the powder form nanostructures onto the desired 

substrates.  
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Chapter 7 – Final conclusions and Future 

perspectives 

The work presented in this dissertation showed the hydrothermal synthesis of  ZTO 

nanostructures and their multifunctionality. In this last chapter a summary of  the main conclusions 

drawn f rom this work is presented, followed by prospects and suggestions for future work, based 

not only on the present work but also on recent reports in literature.  
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7.1. Final conclusions 

1) Hydrothermal synthesis of zinc-tin oxide-based nanostructures 

The primary goal of  this work was to achieve a well-controlled, low temperature (T < 200 º C),  

solution-based process to synthesize zinc-tin oxide nanostructures. While this material system 

allows for dif ferent types of  structures with excellent properties, ZnSnO3 nanowires were primarily 

pursued as this metastable material presents excellent properties for piezoelectric energy 

harvesters, gas sensors, resistive switching memories, batteries, and others . The synthesis of  the 

nanostructures in a powder form was preferred to allow for a higher degree of  f reedom in its 

integration in devices (and to avoid contamination f rom the seed-layer materials). Under the 

proposed constraints to achieve this metastable phase, a one-step seed-layer f ree hydrothermal 

synthesis on a conventional oven was optimized regarding its physical and chemical conditions. 

The inf luence of  each parameter in the synthesis was studied and the wide array of  tested 

conditions resulted in the achievement of  nanostructures with dif ferent morphologies and phases 

such as Zn2SnO4 octahedrons, Zn2SnO4 nanoparticles and SnO2 nanoparticles. Nevertheless,  

the process conditions were optimized towards the synthesis of  ZnSnO3 nanowires, with a 

reproducible method for a homogenous production of  these structures (without signif icant mixture 

of  other phases) having been achieved.  

This study has shown that the chemical parameters to achieve the metastable phase 

(ZnSnO3 nanowires) were restricted to a specif ic range of  values, showing that they play a critical 

role in the growth of  these structures. The optimal conditions were a Zn:Sn molar ratio of  2:1 (1:1) 

using ZnCl2 (ZnAc) as zinc precursor, a H2O:EDA volume ratio of  7.5:7.5 ml:ml and a NaOH 

concentration of  0.240 M for syntheses at 200 ºC for 24 h. 

The zinc precursors’ solubility in the surfactant (EDA) in comparison to that of  the tin 

precursor (SnCl4·5H2O) resulted in the favoring of  different types of  structures for the synthesis: 

the lower solubility of  ZnAc promotes tin-based structures while the higher solubility of  ZnCl2 

results mostly in zinc-based structures. As such, for each of  these two precursors, the Zn:Sn 

molar ratios presented dif ferent optimal values. Additionally, synthesis with the ZnCl2 precursor 

resulted in larger and signif icantly more homogeneous nanostructures (less mixture of  

phases/structures) and more reproducible reactions, which can be attributed to its higher 

solubility, leading to a faster evolution of  the species in synthesis.  

The surfactant (EDA) was found to be crucial in directing the growth of  the structures into the 

nanowire form. Additionally, and similarly to what is seen for the mineralizer (NaOH) 

concentration, its concentration inf luences the solution’s pH which is known to favor the formation 

of  either tin-based structures or zinc-based structures depending on its value. The formation of  

the desired metastable phase was achieved for intermediate values only, showing that  both EDA 

and NaOH optimal concentrations are a balance between the role they play in the synthesis and 

their inf luence on the pH.  
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The physical parameters of  the synthesis were found to be crucial for the achievement of  the 

metastable phase. While lower energy levels favor the growth of  the more energetically stable 

phases (Zn2SnO4 and SnO2), the ZnSnO3 is achievable for higher energy levels. Higher solution 

volumes (15 ml), corresponding to higher pressure in the synthesis, were found to be necessary 

for the obtention of  the desired phase by supplying the necessary energy. It was observed that at 

least syntheses with 12 h at 200 ºC were necessary for a predominantly growth of  nanowires but, 

interestingly, for very long synthesis (36 h), or at higher temperatures (220 ºC) the decomposition 

of  the ZnSnO3 phase into the more stable phases starts to occur. The optimal nanowires 

dimensions were found for 24 h synthesis at 200 ºC, and this emphasizes that while the 

hydrothermal process is a viable way to achieve the metastable phase at low temperatures, it 

requires a proper control and understanding of  the synthesis parameters.  

From this study a growth mechanism was proposed for the metastable ZnSnO3 nanowires ,  

which is schematically summarized in Figure 7.1. 

 

Figure 7.1. Growth mechanism of ZTO nanostructures: ZnsnO3 nanowires and Zn2SnO4 
nanoparticles. 

To circumvent the inconveniently long durations of  the conventional oven hydrothermal 

synthesis an alternative route of  microwave heating assisted synthesis was explored to achieve 

accelerated chemical reactions. Based-on synthesis recipes for dif ferent types of nanostructures, 

nanostructures synthetized with both the conventional oven and the microwave method were 

compared and it was found that both methods could provide very similar results, whereas the 

microwave heating allowed for reductions of  up to 20 h of  synthesis time, while still yielding 

reproducible and homogeneous results. Although showing to potentially being able to replace the 

conventional oven, the microwave heating synthesis still requires further investigation, as the 

kinetics of  the reaction are dif ferent thus requiring its own optimization. 

From the wide array of  conditions tested for the seed -layer f ree hydrothermal synthesis, 

several ZTO-based nanostructures were achieved. Table 7.1 summarizes the synthesis 

conditions that were found to be reproducible and to ef f iciently result in nanostructures with a 

homogeneous distribution. 



Table 7.1. Summary of the seed-layer free hydrothermal synthesis conditions for the different ZTO-based nanostructures achieved in this work. The syntheses 
presented in this table were found to be reproducible and to efficiently result in nanostructures with a homogeneous distribution. Note that, except for SnO2 
nanoparticles’ synthesis, the Sn precursor was SnCl4.5H2O. 

 

Nanostructure Heating system 
Zinc precursor / Zn:Sn molar 

concentration (M:M) 

Mineralizer agent / Molar 

concentration (M) 

Solvents / 

Volume (ml) 

Temperature / 

Time 

ZnSnO3 nanowires Conventional oven 
ZnCl2 / 0.040:0.020 

NaOH / 0.240  
H2O:EDA / 

7.5:7.5 
200 °C / 24 h 

ZnAc / 0.020:0.020 

Zn2SnO4 

octahedrons 

Conventional oven 
ZnCl2 / 0.040:0.020 NaOH / 0.240 

H2O:EDA / 

7.5:7.5 

200 °C / 24 h 

Microwave 200 °C / 60’ 

Zn2SnO4 

nanoplates 

Conventional oven 

ZnCl2 / 0.040:0.020 NaOH / 0.240 
H2O:EDA / 

7.5:7.5 

200 °C / 12 h 

Microwave 200 °C / 30’ 

Zn2SnO4 

nanoparticles 

Conventional oven  

ZnCl2 / 0.040:0.020 NaOH / 0.240 
H2O:EDA / 

7.5:7.5 
200 °C / 24 h 

ZnCl2 / 0.170:0.084 Na2CO3 / 0.330 H2O / 15  200 °C / 24 h 

Microwave ZnCl2 / 0.040:0.020 NaOH / 0.240 
H2O:EDA / 

7.5:7.5 
200 °C / 20’ 

SnO2 nanoparticles 
Conventional oven  

K2SnO3 / 0.073 ; Urea / 0.989 
H2O:Ethanol / 

6:10 

140 °C / 4 h 

Microwave 140 °C / 60’ 
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The multifunctionality of  the obtainable ZTO-based nanostructures permits for a wide array  

of  applications to be envisaged and, naturally, for some devices, the employment of  seed-layers 

can be mainly benef icial as they can integrate the device structure itself  while also allowing to 

induce a specif ic type of  structure in the grown nanomaterial. Attending to this, the hydrothermal 

synthesis employing seed-layers was explored for several types of  seed-layers. While the 

identif ication of  some of  the obtained structures was not possible at this point, a correlation 

between the crystalline structure of  the employed seed -layers and that of  the grown 

nanostructures was still clearly seen. Seed-layers with hexagonal (ZnO and Ti), tetragonal (FTO 

and Sn) and amorphous (ZTO) structures resulted in the growth of  nanosheets of  unidentif ied 

phase. Cubic phase seed-layers (stainless steel and Cu) induced the growth of  the Zn2SnO4 

phase (with inverse spinel cubic structure). Zn2SnO4 nanowires were achieved through this 

method, being a very desirable structure for electronic applications, and that had not been 

previously synthesized successfully through the seed-layer f ree synthesis in this work. Cr and Ni 

seed-layers (both also having a cubic structure) resulted in nanograss structures of  an unidentif ied 

phase. Cu nanowires as seed-layer were shown to be decorated with ZnSnO3 nanowires  

(probably due to the monoclinic phase of  native CuO), while carbon f ibers were decorated with 

unidentif ied small f lower-like nanostructures. Furthermore, it was observed that the employment 

of  seed-layers not only inf luenced the type of  grown nanostructures but also accelerated the 

growth process.  

In summary, dif ferent approaches were explored regarding the hydrothermal synthesis 

method for the obtainment of  ZTO-based nanostructures. These results show the versatility of  

this method to control the growth and morphology of the nanostructures. The use of  nanomaterials 

in the devices contributes for the miniaturization and versatility demands in nanotechnology.  

2) Properties of the ZTO nanostructures 

Under the optimized conditions, several syntheses of  the ZnSnO3 nanowires were performed 

to prove its reproducibility. Statistical analysis of  the nanowires’ dimensions showed average 

lengths of  605 nm (± 72.8 nm) and average diameters of  65.8 nm (± 10.2 nm) resulting in an 

average aspect ratio of  approximately 9. 

Optical and electrical characterization was also conducted for some of  the ZTO 

nanostructures synthetized in this work. The measured optical bandgaps for ZnSnO3 nanowires 

(3.60 eV) and Zn2SnO4 octahedrons (3.46 eV) were found to be slightly lower than reported in the 

literature (3.9 and 3.6 eV, respectively), which can be attributed to a higher defect density arising 

f rom the low-temperature synthesis here employed, inducing subgap states. In the case of  

Zn2SnO4 nanoparticles, the measured optical bandgap was the same as reported in the literature 

(3.6 eV), suggesting that a good crystallinity is obtained through the hydrothermal method. The 

electrical characterization of  the ZnSnO3 nanowires was successfully performed inside an SEM 

tool. The shorter dimensions of  the other types of  nanostructures impeded their electrical 

characterization, even in the SEM tool. For the ZnSnO3 nanowires an average resistivity of  
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7.80 ± 8.63 kΩ·cm was calculated which two orders of  magnitude higher than the reported in the 

literature (≈ 73 Ω·cm) for these structures, probably deriving f rom a more defective structure due 

to the low-temperature solution-based process. 

3) Applications of the ZTO nanostructures 

Owing to the multifunctionality of  the ZTO-based material system, several applications were 

explored under the scope of  this work employing some of  the synthesized nanostructures. 

• Piezo/triboelectric nanogenerators 

Given the high piezoelectric polarization of  the ZnSnO3 nanowires, they were embedded in 

PDMS and the composite f ilm was used for piezo/triboelectric nanogenerators. Comparison with 

similar devices employing either ZnO nanowires or no nanostructures at all showed that the 

piezoelectric polarization plays the major role in the output power generated by these devices. 

Furthermore, a micro-structured design of  the PDMS f ilm has shown to signif icantly enhance both 

the piezoelectric and the triboelectric properties of  the devices. Whereas 6 V and 650 nA were 

achieved for a 10 N stimulus, for stimulus of  ≈ 100 N outputs of  120 V and 13 µA were achieved, 

corresponding to a power density close to 230 µW·cm-2. The practical implementation of  the 

devices was shown by lighting up several LEDs, showing the potential for energy harvesting in 

wearables. 

• Memristive devices 

The ZnSnO3 nanowires were also explored for integration in resistive switching devices. 

While a simple drop-casting method was used as a preliminary integration method, very good 

results were achieved. On/of f  ratio of  the resistance states of  the device was in the order of  107 

and retention times were higher than 14 h. Additionally, the devices showed a very signif icant 

response under visible illumination, with an increase of  35 µA/s , which can be interesting for the 

implementation of  optoelectronic memristors or for light sensing devices. Although further work is 

still required under the scope of  these applications, these results already show these structures 

as permissible for the integration of  memory on foil. 

• Photocatalytic devices 

Synthetized ZTO nanostructures under the powder form, namely Zn2SnO4 nanoparticles and 

octahedrons, and ZnSnO3 nanowires, were employed for photocatalysis. The ZnSnO3 nanowires 

in the form of  powder produced by solution-based synthesis were employed for this end for the 

f irst time (to the best of  the author’s knowledge), and this material showed a great performance, 

being close to or superior to the Zn2SnO4 nanostructures, completely degrading methylene blue 

and rhodamine B dies in only 90 min under 285 W of  UV light irradiation. The reusability of  the 

nanomaterials was also demonstrated, whereas degradation times increased to approximately 

90 min. On the other hand, due to the wide bandgap of  the ZTO nanostructures, the photocatalytic 

activity was much lower under visible light, with degradations of  only ≈ 50 % for 12 h. 
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• pH sensors 

pH sensors were produced using ZnSnO3 nanowires, Zn2SnO4 nanoparticles and SnO2 

nanoparticles. The powder form nanostructures were implemented into the devices by the 

electrodeposition method. This proved as a valid transfer method by allowing some type of  

patterning and with a decent quantity of  deposited nanostructures being achieved. The ternary 

material, ZTO, was for the f irst time used as sensitive layer in pH sensors, to the best of  author’s 

knowledge, and the measured sensitivities for both structures were close to the theoretical 

maximum. While devices employing the SnO2 nanoparticles had lower sensibilities, it was 

interesting to demonstrate that whether employing SnO2 nanoparticles produced by the 

conventional oven or by the microwave method, the results were very similar. 

In summary, exciting results were shown for application in devices of  the ZTO-based  

nanostructures produced by low-cost solution-based processes. The implementation of  the 

nanostructures in these devices was facilitated by its powder form arising f rom the seed -layer f ree 

nature of  the optimized synthesis. The multifunctionality of  this material system is highlighted by 

its successful implementation in energy harvesters, resistive switching memories, photosensors, 

photocatalysts and pH sensors, being that further applications can certainly be envisaged. The 

work demonstrated thus show the great potential of  ZTO nanostructures, especially ZnSnO3 

nanowires, for integration on environmentally f riendly and self -sustainable smart surfaces.  

7.2. Future Perspectives 

Owing to the multifunctionality of  ZTO nanostructures dif ferent f ields of  application were 

explored in this dissertation, opening a path for further investigation to be performed  in the future.   

Thus, in this section, recommendations and suggestions for f uture work are presented. 

These will encompass the dif ferent subjects covered in this work, f rom the hydrothermal synthesis 

of  the nanostructures to the devices in which they are integrated, including also the 

nanostructures’ characterization and transfer methods required for their integration. 

1) Hydrothermal synthesis and post-treatments 

Although a wide array of  parameters was tested for the seed -layer f ree hydrothermal 

synthesis the focus was maintained predominantly on the obtention of  the ZnSnO3 nanowires.  

While it is likely that further tuning of  this synthesis can be done to improve the achieved ZnSnO3 

nanowires’ properties, there is also a signif icant room of  optimization when envisaging the 

obtainment of  other types of  structures. For instance, it was seen that Zn2SnO4 nanostructures 

are achieved f rom the ZnSnO3 phase at higher temperatures, meaning that there is an interesting 

investigation space for the achievement of  these structures at higher temperatures than those 

tested in this work. These temperatures can also be achieved through post -synthesis treatments 

using dif ferent atmospheres, which can induce the phase transformation mentioned above and/or 
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tune the defect state density and crystalline quality of  the material. Thermal annealing under 

dif ferent atmospheres can be performed with a rapid thermal annealing (RTA) technique available 

at our work group, providing a fast and well-controlled environment for these experiments. As the 

surface-to-volume ratio of  the nanostructures is very high, the passivation of  traps typically 

present at the surface by other means besides temperature can also be an important post-

processing procedure. For this end, conformal techniques are very interesting as they can cover 

the exposed surface completely. Parylene CVD deposition is available in our group, and has been 

shown as being a viable passivation for ZnO-based active layers,1,2 while an atomic layer 

deposition (ALD) tool is currently being installed in our clean room for highly conformable oxide 

coatings. It is expected that appropriate post-treatments of  the nanostructures can enhance their 

properties not only for electronic applications, such as FETs, but for the generality of  the possible 

applications 

2) Microwave-assisted synthesis 

The microwave-assisted synthesis was shown to result in nanostructures similar to those of  

the conventional oven, while signif icantly decreasing the synthesis time. Nevertheless, the 

synthesis conditions must be properly optimized when aiming to produce ZTO nanostructures, 

specially ZnSnO3 nanowires, where some dif ference was observed between nanostructures 

synthesized with the dif ferent methods. The microwave-heating is faster and more homogeneous 

and thus can in theory provide nanostructures with superior properties, making the optimization 

of  the synthesis conditions in this system a very interesting prospect for the future.  

3) Transfer methods and integration processes 

One of  the main challenges regarding nanostructures is their controlled implementation in 

devices. Transfer methods bring the generic advantage of  decoupling the synthesis steps f rom 

the nanowires’ deposition on substrates, enabling a large degree of  f reedom during synthesis.  

Dif ferent transfer methods of  nanowires to rigid and f lexible substrates need to be studied in order 

to achieve precise alignment, positioning, high density and uniform nanowire distribution in large 

areas. The following techniques have been explored in CENIMAT, and can be applied for ZTO 

nanostructures, in the future: 

• Dip, drop, spray and spin coating;3 

• Film-applicator (Doctor blade);4 

• Dielectrophoresis / electrodeposition;5 

• Fluid f low in microf luidic channels;6 

• Printing techniques.7 

4) Direct growth of ZTO nanostructures on different substrates  

In alternative to transfer methods, direct growth of  the structures on a substrate can be 

advantageous in terms of  yield, decrease of  the total number of  processing steps when 

considering device integration and preventing the damage of  nanostructures during transfer 
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methods. The substrate material can inf luence the growth of  the structures acting as a seed-layer,  

or alternatively, thin f ilms can be deposited on catalytically inactive substrates and also act as 

seed-layers for nanostructure’s growth. Several materials were explored as seed -layer in this 

work, which allowed to achieve dif ferent types of nanostructures. While these results revealed to 

be very promising for dif ferent applications there is still a large room for improvement. Firstly, 

these studies need further optimization for achieving a well-controlled, homogenous and 

reproducible synthesis of  ZTO nanowires (both ZnSnO3 and Zn2SnO4) in a vertical array, which 

has been reported in the literature for dif ferent applications such as solar cells, sensors, 

photocatalysis and also for electronics.8–13 This will require the proper identif ication of  the 

nanostructures grown in dif ferent seed-layer materials (in some cases unachieved in this work) 

which can benef it f rom the employment of  TEM techniques. Horizontally grown nanowires would 

also be interesting to explore for planar integration, using catalytically inactive layers on top of  

patterned seeds to force the synthesis in planar direction.  

High-resolution methods as nanoimprint lithography (NIL) and e-beam lithography (EBL) 

(both recently acquired in CENIMAT) will allow to achieve seed -layers patterned with lateral 

dimensions below 100 nm (as illustrated by f irst resolution tests performed at CENIMAT,  Figure 

7.2). Advanced methods as these will allow for large design f lexibility, being of special interest for 

application of  the nanomaterials for electronics, thus being fundamental to be explored in the 

future. 

.  

Figure 7.2. SEM images of lines/gaps with < 100 nm achieved using nanoimprint lithography 
(at CENIMAT). 

5) Material characterization  

Due to the small size of  the nanostructures, the study of  its properties is very challenging 

of ten involving high-resolution techniques or the implementation of  complex setups for accessing 

the intrinsic properties of  the materials. In specif ic, the crystalline, electrical and piezo/ferroelectric 

properties, need to be further investigated.  

Concerning the crystalline structure of  the synthesized nanostructures, TEM is a powerful 

tool that can provide detailed information on this regard, allowing for clarifying the identif ication of 

some nanostructures, for instance those grown on seed -layers which were not successfully 

identif ied at this point. While some TEM analysis attempts were done during this research work, 

issues with sample preparation and equipment failures always led to inconclusive results.  
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For the assessment of  the piezoelectric properties of  the nanowires the AFM tool should be 

used for the polarization of  a single nanowire in the PFM mode to determine the piezoelectric 

constant (d33). First steps were given in the last months towards this end, in collaboration with the 

Physics department of  the University of  Bologna, allowing to get initial measurements of  d 33 of  

ZnSnO3 nanowires (≈ 20-25 pm/V) and verifying that this is at least 3-4 larger than the one 

measured for ZnO nanowires, also prepared by hydrothermal synthesis at CENIMAT.  

The electrical characterization of  single ZnSnO3 nanowires was successfully performed in 

order to determine the resistivity in vacuum at room-temperature. Nevertheless, this process 

revealed to be very challenging and incompatible with smaller nanostructures  due to resolution 

limitations of  the e-beam assisted electrode deposition inside SEM. While standard electrical 

characterization can be performed inside SEM, for more complex circuits or for 

light/temperature/atmosphere dependent measurements a typical probe station needs to be used. 

For accessing nanostructures in a typical probe station, electrodes by standard lithographic 

processes can be used to contact Pt electrodes directly deposited inside the SEM tool on top of  

a desired nanostructure. This approach was tested with some preliminary results being shown in 

Figure 7.3. In some cases, the Pt deposition seems to be controlling the measured resistivity, as 

control structures without any nanowire between two Pt electrodes (Figure 7.3d) result in current  

levels comparable to that of  structures employing nanowires  (Figure 7.3b and c). This seems to 

indicate that some residual Pt is unintentionally deposited between the Pt electrodes, which is 

critical for the cases of  smaller gaps.  

         

Figure 7.3. (a) SEM micrographs of the Mo electrodes patterned with lithography processes 
and (b) a zoom showing the Pt electrodes deposited inside SEM to contact the nanowire to 
the Mo electrodes. I-V measurements at different temperatures (25 °C, 65 °C and 105 °C) 
with the same type of structure (c) with a nanowire between electrodes, (d) without a nanowire 
between electrodes and (e) with the Pt electrodes intentionally short-circuited. 

Additionally, these current levels are quite signif icant when compared to control structures  

where the Pt electrodes are intentionally short circuited (Figure 7.3e), showing that the 

contribution f rom the residual Pt is very signif icant. Optimization of  the Pt deposition conditions is 
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required for both increasing its conductivity and, also, to decrease the deposition of  residual Pt 

which severely limits the achievable gap resolution. An important step to accomplish this will be 

the use of  a ns-resolution pattern generator recently installed in the SEM-FIB platform of  

CENIMAT. 

On the other hand, the EBL technique provides the resolution required for def ining the 

electrodes in small nanostructures. This technique can be used to achieve a nanolithography 

process that is then compatible with the employment of  common electrode materials deposited in 

clean room by e-beam evaporation or sputtering.  

6) Electronic applications: fabrication and integration on devices 

Resistive switching memories 

Although very interesting and promising results for the resistive switching devices were 

presented in this thesis, a signif icant amount of  work is still required under this scope. First, the 

resistive change mechanism was not elucidated in the present work and understanding the 

devices’ underlaying mechanisms is always indispensable for the maturing of  the technology. 

This can be further investigated by conducting a set of  experiments which include measurements 

under dif ferent temperatures, electrodes, ambient conditions, and device areas. Additionally, the 

set and reset process under illumination should also be investigated. Devices’ cyclability must be 

signif icantly improved which should require optimization of  the integration of  the nanostructures 

in the devices. Integration methods to be explored include spin-coating, doctor blade, or even the 

employing of  composites consisting in nanostructures and polymers.  

Another very interesting approach is the fabrication of  resistive switching memories with 

individual nanowires, which could be advantageous to infer on the intrinsic properties of  the 

nanostructures. Figure 7.4 presents several of  these type of  architectures that have been 

reported. This type of  approaches can also be explored in the future in CENIMAT using the EBL 

tool. 

 

Figure 7.4. (a) Schematic illustration of the Cu/ZnO-NW/Pd memory device’s structure from 
ref 14. Field emission SEM images of (b) a nanowire side gate FET structure and of a (c) 
memristor device consisting on a single cobalt oxide nanowire device bridged between 
multielectrodes, both from ref 15  
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Field effect transistors 

Concerning FET applications, demonstrations of  discrete Zn2SnO4 nanotransistors (with 

nanowires) were already reported in the literature.16–18 However, to the author’s best knowledge, 

there are no reports on ZnSnO3 nanotransistors. Likewise, while the achievement of  an on/off 

ratio ≈ 106 and a f ield ef fect mobility ≈ 112 cm2V-1s-1 is a good demonstration of  the ZTO’s potential 

for this application, a combination of  low temperatures, sustainable and scalable processes 

enabling good quality nanowires and controlled nanowire density over the device area (hence 

controlled electrical current) are yet to be shown. Moreover, transistors using ZTO nanostructures 

synthesized by solution processes were not reported yet.  

Dif ferent approaches to fabricate nanotransistors with standard microlithography processes 

were explored under the scope of  this work. In order to understand the reliability of  these 

processes, ZnO commercial nanowires, f rom Sigma-Aldrich were used. Figure 7.5(a and b) 

shows the photograph and the schematic of  the electrolyte-gate transistors with a random network 

of  nanowires produced by combining a pick-and-place approach, microlithography processes and 

the electrolyte-gate methods described by Lídia et al. 19. In Figure 7.5c the FETs’ transfer curve 

can be observed, showing an on/of f ratio of almost 4 orders of magnitude. While these results are 

far f rom what was already achieved using ZnO nanowires 20, they still show that this approach 

can be a valid tool in the characterization of  the produced nanostructures, nanotransistors and 

even other nanodevices (such as memories). However, the same procedure was not yet 

successfully implemented for the synthesized ZTO nanostructures in this work.  

 

Figure 7.5. Electrolyte-gated transistor with ZnO commercial nanowires with 1 µm of length 
and 90 nm of diameter: (a) micrograph and (b) schematic. (c) I-V curve of a TFT with ZnO 
commercial nanowires annealed during 4 hours at 600 °C. 

While this kind of  approaches can be explored in the future for random networks of  

nanowires, the optimization of  proper transfer methods and direct growth methods permits for 

additional device structures to be explored: single-wire structures by pick-and-place approaches 

(as was discussed before); TFTs with patterned random networks of  ZTO nanowires replacing 

the conventional ZTO thin-f ilms; and, f inally, aligned multi-wire devices, enabling large integration 

levels and density-dependent output currents. These dif ferent structures can be used to 
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understand transistor operation at nanoscale level. Depending on the transfer or direct growth 

methodologies, both planar and vertical (gate-all-around transistors) structures can be studied.  

The thin-f ilm technology suitable for f lexible substrates already available at CENIMAT will be 

fundamental to obtain the remaining materials of  the transistors, such as electrodes (e.g., 

Mo/Al/IZO/GAZO) or insulators (e.g., Ta2O5-SiO2/parylene).1 

Circuit integration of the nanoelectronic devices 

Finally, as a proof -of-concept of the developed technology, low-transistor count nanocircuits 

such as logic gates (e.g., inverter/NAND) and amplif iers should be demonstrated. Af ter the 

optimization of  the dif ferent compounds, it would be possible to integrate in the same circuit 

transistors, memristors, photosensors, etc. 

7) Piezo and nanogenerators 

Very good results were obtained for the energy harvesting applications, nevertheless, many 

improvements can still be performed, including: 

• Vertical alignment of  the ZnSnO3 nanowires, aligning their z-axis with the pushing 

direction. 

• Optimization of  the concentration of  the nanowires in the PDMS. 

• Improvement of  the electrodes. 

• Annealing treatment of  the nanowires to improve their crystallinity and piezoelectric 

properties by decreasing the defects in the crystalline structure. 

8) Catalytic applications 

A good performance of  the powder form nanostructures was demonstrated for photocatalytic 

applications under UV light. As an interesting alternative, ZTO structures directly grown in dif ferent 

substrates can be explored for this application. This approach has the benef it of  the 

nanostructures being f ixated, thus not requiring their recollection af ter the catalysis. Additionally, 

it is expected that for appropriate combinations of  seed-layers/nanostructures’ materials the band-

bending at the interface can lead to a reduction of  the ef fective bandgap, which can be an 

interesting approach to increase the photocatalytic response under visible light.  

9) pH sensors 

In this thesis the potential of  dif ferent zinc and tin oxide-based nanostructures for pH sensing 

was demonstrated. While electrodeposition was employed as it was the established method at 

our group, other methods of  integration of  the nanoparticles into the pH sensing devices can be 

explored for optimization of  these devices. For example, microf luidic techniques can be used to 

localize nanoparticles onto specif ic areas and should result in a higher concentration of  

nanostructures than the electrodeposition method. Alternatively, when high areal resolution is not 

critical, and considering alternative inexpensive substrates such as paper which is one of  the 
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focus in our work group, printing techniques can be employed .7 Regarding the devices’ 

performance, further investigation should be performed, namely cyclability, reversibility, and for a 

higher range of  pH values than the employed in this work.  

10) Other applications 

In Chapter 6 it was presented the deposition of the nanostructures in carbon f ibers. The f ield 

of  electrochemical energy conversion and storage is starting to be developing in CENIMAT, as 

so, in the future electrochemical studies will be performed in these sample, in order to use it for 

batteries and supercapacitors.  
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Chapter 8 – Appendix 

 

Two images obtained with this work won the Nano Today cover competition of  2018 and 

2019, being the f ront cover of  the volumes 21 and 26 of  this journal, as shown in Figures A1 and 

A2. 

  



Chapter 8 – Appendix 

 

216 
 

 

  



Chapter 8 – Appendix 

 

217 
 

 

 

Figure A 1. Front cover of the Volume 21 of Nano Today Journal, winner of the cover 

competition of 2018. 
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Figure A 2. Front cover of the Volume 26 of Nano Today Journal, winner of the cover 

competition of 2019. 

 



Chapter 8 – Appendix 

 

220 
 

 


