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Résumé 

La thèse porte sur le développement de couches minces d’oxydes métalliques par procédé sol-

gel, pour des applications diverses. Elle s’inscrit dans le contexte global du projet européen 

EnSO (Energy for Smart Objects), financé par l’Electronic Components and Systems for 

European Leadership Joint Undertaking (ECSEL-JTI), en collaboration avec le H2020 

Framework Programme (H2020/2014-2020) de l’Union européenne et les autorités nationales. 

Le projet visait au développement de microsources autonomes d’énergie, comprenant à la fois 

un système de récupération de l’énergie et un système de stockage. Dans la mesure où le 

laboratoire NCE de l’ULiège a été impliqué dans le développement des deux parties, et suite à 

une réorientation générale du projet à mi-parcours, la candidate a été amenée à travailler sur 

deux types de matériaux différents. La thèse se présente donc en deux parties distinctes.  

La première partie porte sur l’optimisation d’un procédé de croissance de nanofils d’oxyde de 

zinc (ZnO), utilisables comme matériau dans un microgénérateur piézoélectrique, en vue de 

développement industriel. L’objectif a été de mettre au point un procédé de synthèse des 

nanofils sur substrat, avec des vitesses de croissance compatibles pour une mise à l’échelle 

industrielle (minimum 20 nm.min-1). Un procédé de synthèse mixte comprenant (i) 

l’ensemencement du substrat par des nanocristaux de ZnO suivi (ii) de la croissance en milieu 

liquide a été mis au point. L’étude des différentes étapes du procédé ainsi que de la cinétique 

de croissance des nanofils a permis d’optimiser les conditions de dépôt et d’obtenir une 

croissance compatible avec l’échelle industrielle (70 nm.min-1). En combinant les résultats 

avec ceux obtenus par d’autres chercheurs du projet, il a été possible d’obtenir des matériaux 

utilisables pour la fabrication de nanogénérateurs piézoélectriques, comme le montrent les 

caractérisations après montage, en collaboration avec le laboratoire Greman (Tours). Les 

nanofils ont également été testé comme photocatalyseur pour la décomposition potentielle de 

polluants dans l’eau, ce qui montre la diversité des applications possibles.  

La deuxième partie porte sur l’optimisation de couches poreuses de matériaux d’électrode 

positive de batterie Li-métal via l’utilisation du Li7La3Zr2O12 (LLZO), un conducteur ionique 

nanostructuré, synthétisé par voie sol-gel. L’objectif final du projet, réalisé essentiellement en 

collaboration avec Prayon s.a. et le CEA-Leti (Grenoble), était d’aboutir à des microbatteries 

Li-métal/LCO tout solide. Le but de cette partie de la thèse, qui se base sur le travail d’un 

autre chercheur du laboratoire NCE, a été d’améliorer la conductivité ionique des couches 

d’électrodes positives en remplissant leur porosité de LLZO. Des couches hybrides LCO-

LLZO conservant les propriétés électrochimiques du matériau actif d’électrode ont été 

préparées, et les caractérisations effectuées en ajoutant un électrolyte liquide montrent que le 

LCO ne subit aucune altération en présence de LLZO. Enfin, des résultats préliminaires 

encourageants ont été obtenus en remplaçant l’électrolyte liquide par un électrolyte solide 

polymère (Gel Polymer Electrolyte) développé au NCE : l’ajout de LLZO à l’électrode de 

LCO a permis d’obtenir une microbatterie qui cycle de manière stable à une vitesse de 1C. 

 

Mots clés : nanofils de ZnO, nanogénérateur, couches minces, LiCoO2, LLZO, microbatteries 

solide. 

 



Abstract 

The PhD was focused on the development of metal oxides thin films using sol-gel process, for 

various applications. It is part of the overall context of the European EnSO (Energy for Smart 

Objects) project, funded by the Electronic Components and Systems for European Leadership 

Joint Undertaking (ECSEL-JTI), in collaboration with the European Union's H2020 

Framework Programme (H2020/2014-2020) and national authorities. The project aimed at 

developing autonomous micro energy sources, including both an energy harvesting system 

and a storage system. As the ULiège NCE laboratory was involved in the development of 

both parts, and following a general reorientation of the project at mid-term, the candidate was 

led to work on two different types of materials. This PhD thesis is thus presented in two 

distinct parts.  

The first part concerns the optimisation of a process for the growth of zinc oxide nanowires 

(ZnO NWs) for piezoelectric nanogenerator application. The objective was to develop a 

process for the synthesis of NWs on a substrate, with a growth rate compatible for industrial 

scale-up (minimum 20 nm min-1). A combined process including (i) the deposition of a seed 

layer made of ZnO crystallites followed by (ii) ZnO NW growth using wet chemistry was 

developed at the NCE laboratory. The study of the different steps of the process, as well as the 

growth kinetics of the NWs, made it possible to optimise the conditions of deposition and to 

obtain a growth speed compatible with industrial scale (70 nm min-1). By combining the 

results with those obtained by other researchers in the project, it was possible to obtain 

materials that can be used for the manufacture of piezoelectric nanogenerators, as shown by 

the characterisations after assembly, in collaboration with the Greman laboratory (Tours). 

The NWs were also characterised as photocatalysts for the potential decomposition of 

pollutants in water, thus showing the diversity of possible applications.  

The second part focuses on the optimisation of porous layers for positive electrodes of Li-

metal batteries. Optimisation was based on the use of Li7La3Zr2O12 (LLZO), an ionic 

conductor synthesised by sol-gel process, as nanostructured solid electrolyte within the 

electrode. The final objective of the project, carried out mainly in collaboration with Prayon 

s.a. and CEA-Leti (Grenoble), was to produce solid-state Li-metal/LCO microbatteries. The 

aim of the thesis, which is based on the work of another researcher from the NCE laboratory, 

was to improve the ionic conductivity of the positive electrode layers by filling their porosity 

with the nanostructured LLZO. Hybrid LCO-LLZO layers preserving the electrochemical 

properties of the active electrode material were prepared and the characterisations carried out 

by adding a liquid electrolyte showed that the LCO does not undergo any alteration in the 

presence of LLZO. Finally, preliminary encouraging results were obtained when replacing the 

liquid electrolyte with the gel polymer electrolyte (GPE) developed at NCE: the addition of 

LLZO to the LCO electrode resulted in a microbattery that is stable when cycling at 1C. 

 

Keywords: ZnO nanowires, nanogenerator, thin films, LiCoO2, LLZO, solid-state 

microbattery. 
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General introduction 

Context of the thesis 

The development of the wearable electronic technologies such as wireless sensors networks 

(WSN) based equipment is evolving quickly. The WSN technologies enable ultra-fast and 

reliable communication as well as data transfer. This field of research has attracted much 

attention of researchers and industry experts in the areas of industrial automation [1], health 

care, internet-of-things (IoT) [2], etc. IoT, is a concept where everyday objects will be able to 

communicate together via internet to enhance their efficiency upon use; it is nowadays 

gaining more and more attention within the electronics industry. As an example, Figure 1 

shows dynamic cryptogram for bank card developed by Gemalto in order to reinforce 

payment security.  

 

Figure 1. Gemalto dynamic cryptogram developed for BNP.  

 

All these “smart objects” have to be autonomous, easy to use and handle, as small as possible, 

robust and long lasting with a long operating lifetime. The key component for all electronic 

systems is the energy supplier: how to harvest, store and use energy? To answer this question, 

it is necessary to combine different devices: (i) an energy harvester, which is able to capture 

energy from the environment and, possibly, transform it into electrical energy, (ii) a storage 

system, able to keep this energy available for a sufficient long time and (iii) electronics for 

energy management upon storage and use. 

In this context, the Energy for Smart Object project (EnSO) [3] was accepted for financing 

within the Electronic Components and Systems for European Leadership Joint Undertaking 

(ECSEL-JTI), in collaboration with the European Union's H2020 Framework Programme 

(H2020/2014-2020) and National Authorities. The project was managed by ST 

Microelectronics in collaboration between 35 European partners, among which (i) 8 academic 

research partners, (ii) 5 supply chain companies, (iii) 4 integrated device manufacturers and 
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(iv) 15 end-users. It started in 2016 and was focusing on providing Autonomous Micro 

Energy Sources (AMES) to end-users. AMES would at least consist of three elements:  

(i) An energy harvester, i.e. a nano energy generator, which converts energy from the 

environment into electricity; 

(ii) A battery as micro energy storage system;  

(iii) A battery management system. 

Within this framework, the Nanomaterials, Catalysis and Electrochemistry (NCE) laboratory 

of the University of Liège was involved (i) in the development of materials to be integrated in 

energy harvesters, in collaboration with the Greman laboratory in Tours (France) and (ii) in 

the development of layers of active materials for microbatteries as energy storage systems, in 

collaboration with Prayon s.a. and the Commissariat à l’Energie Atomique et aux Energies 

Alternatives (CEA-Leti), located in Grenoble (France). Throughout the years, 3 post-doctoral 

researchers, 2 research engineers and 2 PhD students were involved in the research performed 

at the NCE laboratory in the framework of the EnSO project.  

 

 

Figure 2. Scheme of an AMES using energy harvester. 

 

Energy harvesters 

The development of energy harvesters was focused on the use of a piezoelectric system. The 

global objective was to develop a piezoelectric nanogenerator (Figure 3) based on zinc oxide 

nanowires (ZnO NWs), in collaboration with the Greman laboratory. The latter had already 

developed a strong expertise on such energy harvesters [4, 5]. While the NCE was in charge 

of developing a ZnO NW synthesis process compatible with scale-up, the Greman laboratory 

dedicated the effort to the encapsulation of the ZnO NWs into complete piezoelectric devices 

and to their characterisation (electrical response to mechanical solicitation). 
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Figure 3. Principle of piezoelectric nanogenerator. 

 

Piezoelectric materials such as ZnO NWs exhibit an induced voltage under applied stress 

(Figure 3). According to the EnSO project specifications, high crystalline quality ZnO NWs 

should be synthesised using a low temperature process (< 400 °C) so that the NWs can 

ultimately be deposited onto flexible organic substrates. In addition, the developed process 

needs to be suitable for large-scale manufacturing, meaning that the growth speed of the NWs 

should reach 20 nm min-1 while keeping the process as simple as possible. Finally, the 

obtained micrometric layer should be composed of well-aligned and well-crystallised NWs, 

able to power a Li-metal microbattery system by providing a power of the order of 1 μW cm-2 

at a voltage of 4.2 V.  

The growth of ZnO NWs usually requires the pre-deposition of a seed layer onto which NWs 

are grown [6–8]. In that perspective, sol-gel processes were used and optimised to develop 

both the seed layer and the NWs. Two researchers of the NCE laboratory were involved in the 

research program: one PhD student (Chellda Exantus) and one senior researcher (Dr 

Christelle Alié). Thus, the results presented here are a part of the global research program 

performed at the NCE laboratory during the project. Since both researchers worked in 

parallel, results obtained by one could fed the other’s work part, and results are thus much 

intricate. For that reason, it was necessary to include in this manuscript some of the 

experiments and results obtained by the senior researcher in order to understand the evolution 

of the research program and to show the outcome of the project. Throughout the thesis 
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manuscript, the respective contributions of the PhD student and the senior researcher were 

highlighted at best.  

 

Microbatteries 

Regarding microbatteries, the NCE laboratory was in charge of developing two components 

for Li-metal systems: LiCoO2 (LCO) electrodes and solid electrolyte, either full Solid-State 

Electrolyte (SSE) or Gel Polymer Electrolyte (GPE). Both layers had to be deposited via 

spray-coating, in order to replace the costly Physical Vapor Deposition (PVD) processes used 

by the initial leader of the project, ST Microelectronics. The final objective was to build a 

full-solid Li-metal microbattery with high energy density, using spray-coating for the 

deposition of the positive electrode material and the electrolyte. According to the objectives 

of the EnSO project, the battery should be rechargeable, display a long-life time (> 10 years), 

and reach a capacity of 3 mAh. 

The development of the lithium metal microbatteries was made in collaboration with the 

CEA-Leti laboratory, as they already had developed materials for thin film batteries, and with 

Prayon s.a., from the supply chain. Indeed, the NCE laboratory expertise on microbatteries 

had been previously developed within the framework of a large project co-financed by 

Wallonia and Prayon s.a. [9]. During that previous project, a senior researcher of the NCE 

laboratory, Dr Carlos Páez, had developed a low-cost process for the deposition of thin layers 

of lithium cobalt oxide (LCO) cathode material for Li metal microbatteries [10]. This process 

uses spray-coating and allows the deposition of 10-µm thick LCO layer. The final battery, 

assembled in coin-cell with liquid electrolyte in-between Li metal anode and LCO cathode, 

displayed a capacity of 1 mAh. The challenge here was to replace the liquid electrolyte by an 

SSE (Lithium Phosphorous Oxynitride, LiPON) or a GPE, in order to get rid of the volatile, 

flammable liquid electrolyte incompatible with the final application in (flexible) 

microbatteries. The main issue is the porosity in the cathode coating (~50-60%): while liquid 

electrolyte easily enters the porosity and allows for easy ion transport through the whole 

electrode thickness, GPE or SSE are much harder to use since they are normally deposited on 

top of the electrode. The migration of the lithium ions is thus hindered, which leads to the 

decrease of the ionic conductivity, and a drop of the battery capacity. It was thus necessary to 

modify the LCO deposition process so as to include a solid electrolyte within the pore texture 

of the electrode material layer. In addition, the rugosity of the LCO layer was originally too 

high for SSE deposition; it had thus to be improved to be compatible with LiPON. Ultimately, 
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the modified LCO layer was to be combined with an SSE or a GPE, and embedded in a full 

solid-state battery. 

 

Figure 4. Example of microbattery developed during EnSO project. 

 

At the beginning of the EnSO project, research on microbatteries was essentially conducted 

by two senior researchers of the NCE laboratory: Dr Carlos Páez for the development of 

modified LCO coatings onto substrates provided by the CEA, and Cédric Calberg for the 

deposition of GPE onto the electrodes. However, after 2 years, the EnSO project was 

reorganised and it was decided to reduce the resources allocated to the development of the 

piezoelectric nanogenerators in order to reinforce the microbattery topic. For that reason, 

Chellda Exantus joined the microbattery team, and contributed to the development of the 

modified LCO layer using sol-gel processes.  

Even though the subject seems a priori quite different from that of the ZnO NWs for 

piezoelectric generator, it lies on the same competences and techniques. In both cases, the 

goal was to manufacture thin solid films of materials using sol-gel processes and deposition 

techniques, and to characterise them by physico-chemical and electrochemical techniques. 

The apparent constraint of subject change, in the middle of the thesis, was thus an opportunity 

to develop similar ideas and methods in two different environments. 

 

Objectives of the thesis 

As explained above, this thesis was part of a large European project dealing with the 

manufacturing of complete Autonomous Micro Energy Sources (AMES). The general goal of 
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the thesis was to contribute to the development of AMES by designing innovative techniques 

to prepare thin layers of materials onto a substrate. The general requirement was that the 

methods used could be transferred to industrial scale; they had to be cheap, easy to handle, 

fast, reproducible and require as less energy as possible. Material preparation was thus 

performed by sol-gel techniques, and the processes were studied so that the required post-

treatment temperatures, necessary whatever the material considered, were as low as possible. 

As the project evolved throughout the years, two distinct topics with their own goals were 

studied: 

- The optimisation of ZnO NW preparation, including the seeding and the growth steps, 

in order to obtain NW arrays that could be used in piezoelectric nanogenerators; 

- The modification of LiCoO2 (LCO) coatings so that they could be used as cathode 

layers in full solid-state microbatteries. 

 

Structure of the thesis 

The thesis is divided into two main parts. The first one, including Chapters 1 to 3, deals with 

the development of the ZnO NW manufacturing process and their use in practical 

applications. The second one, corresponding to Chapters 4 and 5, reports the contribution to 

the modification of the LCO cathode layers in Li-metal microbatteries, and their combination 

with a GPE.  

In Chapter 1, we report a simple process to manufacture a homogeneous arrangement of flat 

ended hexagonal ZnO NWs, well aligned along the c-axis through a chemical bath deposition 

(CBD) method. The process developed needed to be suitable for large-scale manufacturing 

(i.e. minimum 20 nm min-1 growth speed), and to provide a micrometric layer of well-aligned 

NWs. In order to meet this expectation, a previously published synthesis method [11, 12] was 

optimised for growing the ZnO NWs. Before growth, a uniform ZnO seed layer was deposited 

on the substrate by combining a simple low-cost sol-gel process and a spin-coating technique. 

The obtained materials were observed by environmental scanning electron microscopy 

(ESEM) to measure the NW length and diameter. This allowed to study the NW growth 

kinetics in order to identify the critical process variables, i.e. those that have an impact on the 

synthesis process.  

In Chapter 2, an original seed method using dip-coating was developed in order to orientate 

the growth of ZnO crystals. Indeed, the seed layer characteristics (crystallinity, orientation, 

thickness) has a strong influence on the NW growth. The cleaning of the substrate, the 

deposition method and the subsequent thermal treatment were studied to determine their 
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impact on the seed quality and, further, on the length, diameter and orientation of the final 

NWs obtained by CBD. In parallel to the seed study, the senior researcher involved in the 

topic, Dr Christelle Alié, worked on the optimisation of the NW growth in order to obtain, in 

fine, separate and well-aligned NWs.  

In Chapter 3, the work was focused on the use of the obtained NWs in two applications. 

First, in collaboration with the Greman laboratory, ZnO NWs were implemented into 

piezoelectric nanogenerators. This application requires the use of well-aligned NWs without 

crystalline defects (vacancies, interstitials elements), which is very difficult by CBD process. 

The presence of these defects generates free electrons that can mask the piezoelectric charges 

and thus reduce the performance of the NG [13, 14]. To point out the impact of the research 

on a global scale, the chapter thus also summarises the parallel work of the senior researcher 

(Dr Christelle Alié), aiming at decreasing the concentration of defects and improving the 

nanogenerator performances. Second, as the NCE laboratory also works on photocatalysts for 

water depollution, a first trial of ZnO NWs as photocatalyst was performed: the catalytic 

activity of ZnO NWs deposited on glass for the photoctalytic degradation of hydrogen 

peroxide was evaluated. Both examples point towards the necessity to control at best the NW 

growth so as to obtain structures compatible with the final chosen application.  

Switching from ZnO NWs to microbatteries, Chapter 4 was dedicated to the synthesis and 

characterisation of low temperature cubic Li7La3Zr2O12 (LLZO), and its insertion into the 

LCO cathode coating. Indeed, in order to obtain Li+-conducting LCO layers, it is necessary to 

fill the layer porosity (~50-60%) with a solid electrolyte to finally be able to build an all solid-

state battery. LLZO nanoparticles could be obtained and mixed with the LCO suspension 

before electrode deposition by spray-coating, following the electrode development performed 

by Dr Carlos Páez within the EnSO project. Different LLZO amounts were added, and the 

mixture stability upon cycling in a battery configuration was assessed, still using liquid 

electrolyte. This step was necessary to make sure that no side-reaction could occur between 

the two electrode components. 

Finally, in Chapter 5, the optimised cathode material containing LCO and LLZO was 

combined with a Gel Polymer Electrolyte developed at the NCE laboratory by Cédric 

Calberg. It was possible to characterise the full solid-state battery and show the impact of 

LLZO on the final performances upon cycling. 
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Chapter 1. Kinetic optimisation of zinc oxide nanowire 

growth 

 

1.1 Introduction 

The scavenging of ambient energy for its subsequent exploitation has become a hot research 

topic in the last few years [1–7]. Energy harvesting relies on a transduction force that converts 

the ambient mechanical energy into electricity. This mechanical energy can have different 

forms such as vibrations, random motions or noise, and one of the most common transduction 

method takes advantage of the piezoelectric effect [8]. A piezoelectric material has the 

peculiarity of creating an inherent electric field when strained (direct piezoelectric effect). 

There are several well-known piezoelectric materials [8, 9] with a broad range of applications 

(e.g. AlN, lead zirconate titanate (PZT), ZnO, quartz, etc.). However, among them, ZnO has 

become very popular in material science over the past few years because of its wide variety of 

nanostructures and its dual property of being both a semiconducting and a piezoelectric 

material [10]. One of the most useful nanostructures that can be utilised to generate energy is 

the nanowire (NW). The piezoelectric properties of ZnO are linked to its crystalline 

asymmetry, which leads to a change in the position of atoms during deformation, and induces 

the appearance of an electrical dipole along the nanowire. The semiconductor property of 

ZnO contributes to the formation of a low current electrical potential, and allows the supply of 

microbattery storage systems. 
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Figure 1.1. Preferential growth of ZnO NWs along 002 axis (c-axis). Reproduced from [11]. 

 

In order to limit the recombination of piezoelectric charges between NWs, it is required that 

the NWs are well aligned along the c-axis (002) (Figure 1.1) [11]. Hinchet et al., showed that 

thin and long hexagonal flat ended shape NWs improve the piezoelectric performances [12, 

13].  

In the literature, one can find numerous bottom-up approaches to grow ZnO nanostructures, 

such as vapor-solid and vapor-liquid-solid processes (vacuum processes consisting in the 

reaction of precursors in a vapor phase and their deposition on a substrate surface) or 

electrochemical deposition (process that uses oxidation and reduction of one material onto the 

surface of another material through an electric current) [14–17]. However, these methods 

require high temperatures (400-700 °C) and low pressures (10-20 Pa), conductive substrates, 

or acid-resistant environments that make them difficult to be integrated into standard 

fabrication processes and future flexible electronics. In order to make the growth process of 

ZnO nanostructures more energy efficient and cost-effective, the temperature of the process 

should ideally be reduced below 100 °C. Hence, the chemical bath deposition (CBD) of ZnO 

is attractive and widespread due to its simplicity and environmentally friendly conditions. The 

CBD works on the principle of the controlled nucleation of the desired compound from a 

solution of its constituents, followed by a growth of the nucleus on a substrate and the 

formation of thin films. 

To grow ZnO NWs, a crystalline material with similar crystallographic lattice constants (a = b 

= 0.325 nm; c = 0.520 nm) is the best choice in order to obtain aligned and high-quality NWs 
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[18]. Thus, NWs can be grown directly by using materials such as gold (a = b = c = 

0.408 nm), wurtzite gallium nitride (a = b = 0.319 nm; c = 0.518 nm), sapphire (a = b = 0.480; 

c = 1.310 nm), where vertical growth only is observed. Another way to grow ZnO NWs is the 

deposition of a layer of zinc oxide nanoparticles using ZnO or zinc acetate, called seed layer, 

before the growth of ZnO NWs. This layer allows the deposition of ZnO NWs on a wide 

range of substrates, as the growth and proper orientation of the NWs are triggered by the seed 

nanoparticles [18–21]. The quality of the seed layer, offering adequate nucleation sites for 

ZnO growth, is a key factor for obtaining well-oriented and homogeneous NWs arrays [22, 

23]. 

The classical solution-based CBD synthesis leads to epitaxial growth of ZnO nanostructures 

in aqueous solution in the presence of zinc nitrate and hexamethylenetetramine (hexamine) as 

precursor materials at temperatures lower than 100 °C. The major drawback in the CBD 

method is the slowness of the growth process: in some cases, reaching the appropriate length 

for the ZnO (a few µm) requires a time of about 10-30 h (growth rate between 2-7 nm min-1) 

and the substrates must be placed into fresh growth solutions repeatedly [24]. The very large 

extent of homogeneous nucleation (formation of ZnO in the solution) in comparison with 

heterogeneous nucleation or heteronucleation (formation of ZnO on the seeded substrate) is 

the main reason for this problem [25]. Heterogeneous nucleation leads to the consumption of 

the precursor materials necessary to grow ZnO NWs on the substrate. The result of the 

homogeneous nucleation is ZnO settlement at the bottom of the solution container which 

leads to a loss of the majority of the precursor materials and reduction of the NW growth.  

Several methods have been suggested in order to increase the growth rate of ZnO NWs grown 

by CBD. It is possible to reduce the time needed to grow NWs by using a microwave-assisted 

solution-based method; this aims at accelerating the crystal growth via a rapid increase of the 

precursor solution temperature [26]. The main disadvantage of the microwave-assisted CBD 

method is that it increases both the heterogeneous and the homogeneous process rates and, 

thus, the loss of the precursor materials would be faster as well. Another method implemented 

for increasing the ZnO NWs growth rate is called the preferential growth [27]. This method 

involves the addition of ammonium hydroxide and polyethylenimine (PEI) to the precursor 

solution. In the presence of both PEI and ammonium hydroxide, formation of ZnO in the bulk 

solution can be effectively prevented while ZnO wires still grow on the seeded substrate at a 

reasonably high rate. Furthermore, PEI preferentially adsorbs onto ZnO NWs lateral faces, 

thus inhibiting radial growth in favour of axial growth. This results in longer and thinner 

NWs, a morphology that is favourable for high piezoelectric performances [28, 29]. Kokotov 
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et al. deposited ZnO NWs using an amino acid-induced self-assembly strategy [25]. The 

substrate was activated by a simple potassium permanganate solution treatment that forms 

Mn-(hydroxy)-oxide deposits on the surface; these deposits act as an efficient seed layer. In 

small vials (10 mL), 5 µm long NWs could be grown in 40 min (i.e. 125 nm min-1), which is 

very fast compared to most processes [30].  

The objective is to grow well aligned and separated NWs with an aspect ratio 

(Length/Diameter) higher than 50, with a flat ended hexagonal shape. 

Here we report a simple process to manufacture a homogeneous arrangement of flat ended 

hexagonal ZnO NWs, well aligned along the c-axis through a chemical bath deposition (CBD) 

method. The process developed in the present work needs to be suitable for large-scale 

manufacturing (i.e. minimum 20 nm min-1 growth speed), and to provide a micrometric layer 

of well-aligned NWs. To that aim, Kokotov’s synthesis process [31, 32] was optimised for 

growing the ZnO NWs. Before the CBD, a uniform ZnO seed layer was first prepared on the 

substrate by combining a simple low-cost sol-gel process and a spin-coating technique. A 

ZnO seed layer was preferred to permanganate activation of the substrate, as the latter 

technique leads to NWs arrays with poor homogeneity over large substrate. To ensure a 

suitable growth speed, a kinetic study was completed by controlling the parameters that have 

an impact on the synthesis and coating process. Finally, the obtained materials were 

characterised by environmental scanning electron microscopy (ESEM) to measure length and 

diameter. 

 

1.2 Experimental  

The de-ionised (DI) water used in all experiments was prepared in a Purelab Flex purification 

system (Elga LabWater) and had a resistivity of 18.2 MΩ cm. ZnO NWs were grown by 

chemical bath deposition (CBD) onto glass microscope slides (Superior Marienfeld) 

according to the following procedures.  

 

 Reproduction of growth procedure from Kokotov et al. [25] 

All substrates were first cleaned by sonication in an RBS T105 detergent solution (20 min) 

and rinsed by dipping the substrate in deionised water (20 min), acetone (20 min) and ethanol 

(20 min). They were then dried in air for 30 min at 60 °C. 
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Two preparations of the seed layer were studied. The first procedure consisted in the 

activation of the substrate by dipping the substrates 30 min at 85 °C into a 0.5 mol L-1 

solution of potassium permanganate (KMnO4, ≥ 99.0%, Sigma Aldrich) into which 50 µL of 

n-butanol (≥ 99.0%, Sigma Aldrich) per 20 mL of the permanganate solution were added (as a 

reducing agent for the KMnO4). Permanganate-treated substrates were extensively rinsed in 

DI water (the vials containing the samples were filled with DI, which was then poured out, 

and this was repeated for a total of 10 rinses) and then sonicated 5-10 min in DI water in an 

ultrasonic bath [31]. The second procedure consisted in the preparation of a solution in 

ethanol of zinc acetate dihydrate (Zn(CH3COO)2.2H2O, Sigma Aldrich, 99.9%) with a 

concentration of 5 × 10- 3 mol L -1. 1 mL of the solution was deposited onto a clean 

microscope slide substrate via the spin-coating technique. The spin coating was performed at 

2000 rpm for 30 s; the whole process was repeated 5 times. Finally, calcination at 350 °C for 

20 min was performed in order to decompose zinc acetate into ZnO nanocrystals which would 

act as nucleation sites for the subsequent growth of ZnO NWs. 

After the ZnO seed layer deposition, ZnO NWs were grown by CBD. According to Kokotov 

et al. [31, 32], growth solutions were prepared using the following freshly prepared aqueous 

solutions: 1.0 mol L-1 zinc sulphate heptahydrate (ZnSO4.7H2O, 99%, Sigma Aldrich), 

4.0 mol L-1 ammonium hydroxide (ammonium hydroxide water solution, NH4OH, 25-30 wt.% 

as ammonia (NH3), Emsure, Merck) and 50% v/v ethanolamine (2-aminoethanol, ≥ 98%, 

Sigma Aldrich). As the ammonium hydroxide concentration varies when reagent bottles are 

gradually consumed, the ammonium hydroxide solution was systematically titrated before the 

synthesis. The final growth solution was prepared from the stock solutions in a 160 mL 

polypropylene vial, by sequential addition of 13 mL of zinc salt solution, 19.5 mL of 

ammonia solution and 26 mL of ethanolamine solution to DI water, giving the following final 

concentrations: 0.1 mol L-1 Zn2+, 0.6 mol L-1 NH4OH and 1.7 mol L-1 ethanolamine. The 

amount of water was chosen so that the total volume of growth solution was 130 mL. The 

final pH was typically 11.1  0.2. During growth, the ZnO particles formed in solution 

(homogeneous nucleation) can settle on the substrate. That is the reason why, immediately 

after preparation of the solution, the substrate was introduced inclined from vertical with the 

seeded side facing downwards. The reaction vial was closed and placed in an oil bath at 90 °C 

for 2 h. After growth, the substrate was removed from the solution, immediately rinsed with 

DI water to remove loose ZnO precipitates and any residual reactant from the surface, and 

dried in air at room temperature for 24 h. After growth, the diameter and length of the NWs 
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were measured from environmental scanning electron microscopy (ESEM-FEG XL30 Philips, 

Esprit 1.9 software) images. 

 

  Modification of the growth procedure from Kokotov et al. [25] 

The ZnO NWs growth procedure was optimised for scaling-up by simplifying the preparation 

of the growth solution: the ZnSO4 powder (3.74 g) was directly dissolved into 19.5 mL of 

4.0 mol L-1 NH4OH solution. The previous solution and 13 mL of ethanolamine were added to 

97.5 mL of DI water. The growth solution (130 mL) was prepared in a 160 mL polypropylene 

vial, giving the following final concentrations: 0.1 mol L-1 Zn2+, 0.6 mol L-1 NH4OH and 

1.7 mol L-1 ethanolamine (Figure 1.2). The solution was vigorously stirred until the pH 

stabilised at ~11.1 ± 0.2 (10 min). The substrate was introduced inclined from vertical to 

prevent particles which might form in the solution from settling on the downward-facing 

seeded side of the substrate. The reaction vial was closed and placed in an oil bath at 90 °C for 

2 h. After growth, the substrate was treated as for the non-optimised process. The process was 

repeated 10 times in order to evaluate the reproducibility of the optimised process.  

 

 

Figure 1.2. Simplified process diagram for the synthesis of ZnO NWs. 

 

During ZnO NWs growth, a combined pH and temperature probe was introduced into the 

growth solution and temperature and the pH was monitored every 5 min. The monitoring was 

done for 6 samples. Moreover, photographs of the device (vial + substrate) were taken to 

follow the visual evolution of the solution after 30 min, 60 min, 90 min and 120 min.  

After growth, the diameter and length of the NWs were measured from environmental 

scanning electron microscopy (ESEM-FEG XL30 Philips, Esprit 1.9 software) images.  
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 Growth kinetics study 

The growth rate of the NWs throughout the synthesis has been established by a kinetics study 

consisting in two different experiments. The first experiment consisted in the determination of 

the NWs growth speed all along the synthesis (Exp A1). To do so, four syntheses were done 

in parallel with one substrate in each solution coming from the same growth stock solution; 

the latter was prepared according to the modified growth procedure from section 1.2.2. The 

syntheses were started at the same time and stopped at different times: 30 min, 60 min, 90 min 

and 120 min. At the end of each synthesis, the solution was introduced into an ice bath in 

order to stop the homogeneous growth process, and the substrates were removed, washed with 

DI water and dried at room temperature. The growth solution was filtrated through filter paper 

(VWR grade 474 quantitative filter paper) using Büchner filtration apparatus and 5 mL of the 

filtrated solution were analysed by Induced Coupled Plasma Mass Spectroscopy (ICP-MS, 

Thermo Scientific iCAP 6500) to evaluate the quantity of zinc remaining in solution. ICP-MS 

is a mass spectrometer that uses a plasma to ionise the samples and detects quantitative trace 

of elements. The substrates were weighed after seeding, after growth, and after the 

homogenous ZnO was removed from the upward facing side of the substrates by cleaning it 

with a cotton swab moistened with 0.1 mol L-1 HCl solution. The solid recovered on the filter 

was dried and weighed as well. 

The second experiment (Exp B1a) consisted in the introduction of four slides in the same bath 

and their removal at 30 min, 60 min, 90 min, 120 min, while another slide was introduced in 

the reactive vial at the same time. To obtain additional results for intermediate times, four 

substrates were introduced at the same time in one chemical bath and were withdrawn at 

15 min, 30 min (control sample), 45 min, 60 min (control sample) while another substrate was 

introduced in the reactive vial at the same time (Exp B1b). Thus, in these experiments, four 

glass slides were always present in the growth solution as substrates. Directly after removal, 

the substrates were cleaned with DI water, and dried at room temperature. The substrates were 

weighed after seeding, after growth, and after the homogenous ZnO was removed from the 

upward facing side of the substrates. Diameter and length of the NWs were measured from 

environmental scanning electron microscopy (ESEM-FEG XL30 Philips, Esprit 1.9 software) 

images. To assess the reproducibility, the two experiments (Exp A1 and B1) were repeated a 

second time (Exp A2 and B2).  
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 Optimisation of the NW growth process from the kinetics study 

The results from temperature monitoring and kinetics study (see results and discussion 

section) led to further optimisation of the growth procedure. In order to reach faster the 

growth temperature, water was preheated before adding the reactants. The water was 

preheated at 40 °C, 60 °C, 70 °C and 80 °C, before the reactants were added. The ZnSO4 

powder (3.74 g) was directly dissolved into 19.5 mL of 4.0 mol L-1 NH4OH solution. The 

previous solution and 13 mL of ethanolamine were added to 97.5 mL of preheated DI water. 

The growth solution (130 mL) was prepared in a 160 mL polypropylene vial, giving the 

following final concentrations: 0.1 mol L-1 Zn2+, 0.6 mol L-1 NH4OH and 1.7 mol L-1 

ethanolamine. The solution was vigorously stirred until the pH stabilised at ~11.1 ± 0.2 (10 

min). One substrate was introduced inclined from vertical to prevent particles from settling on 

the downward-facing seeded side of the substrate. The reaction vial was closed and placed in 

an oil bath (90 °C) until the temperature inside the growth solution was stable at 80 °C. At the 

end of the experiment, the slide was washed with DI water and dried at room temperature. 

The morphology of the ZnO NWs was characterised by environmental scanning electron 

microscopy (ESEM-FEG XL30 Philips, Esprit 1.9 software) and the length and the diameter 

of the NWs were measured.  

 

 Homogeneity of the temperature 

Note that preliminary experiments including a magnetic stirrer in the reaction vessel, using a 

special sample holder, were also performed so that the growth solution was mixed during the 

process. Although encouraging results were obtained (i.e. better orientation of the NWs), the 

subject change at mid-term of the thesis made it impossible to continue the experiments and 

obtain a consistent dataset. Further trials should be performed to assess the impact of stirring 

on the NW quality. 

Three different heating systems were studied. In System A, an oil bath was heated by a PID 

controller to 90 °C on a hot plate with the temperature probe placed into the oil (Figure 1.3a). 

The reaction vessel was then placed into the preheated oil. Contrarily, in System B, the 

temperature probe was placed directly into the reaction vessel instead of into the preheated oil 

bath (Figure 1.3b). System C was homemade: it consisted of building a dual-wall system 

made of two propylene vials where water is heated at 90 °C and circulates constantly (Figure 

1.3c). A thermometer was added in the growth solution to monitor the temperature evolution.  
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Figure 1.3. Different heating systems studied. (a) A system: oil bath heated by a PID 

controller to 90 °C on a hot plate with the temperature probe placed into the oil; (b) B system: 

oil bath heated by PID controller to 90 °C on a hot plate with the temperature probe placed 

directly into the reaction vessel; (c) C system: dual-wall system made of two propylene vials 

where water is heated at 90 °C and circulates constantly. 

 

1.3 Results and discussion 

 Reproduction of growth procedure from Kokotov et al. [25] 

Two different seeding procedures were studied in order to reproduce the initial procedure and 

adapt it to achieve the objectives of the project, which is to grow a homogeneous arrangement 

of flat ended hexagonal ZnO NWs, well aligned along the c-axis, at a growth rate faster than 

20 nm min-1. The first procedure, via the activation of the glass substrate, consisted in 

immersing the glass slide into a KMnO4 solution followed by repeated rinsing. The extensive 

rinsing is important to prevent nucleation of ZnO in the bulk of the deposition solution from 

Mn-containing particles detached from the treated substrate. The activation allows facile 

nucleation due to adsorption of Zn species on the hydrated manganese oxide nuclei [31]. The 

second procedure consisted in the deposition of a solution of zinc acetate, dissolved in 

ethanol, onto a glass substrate using spin-coating. After calcination, ZnO nuclei are formed 

onto the surface which will later give rise to ZnO NWs. The two procedures were then 
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followed by the growth of NWs using the CBD method, and these NWs were characterised by 

ESEM. 

 

Figure 1.4. ESEM images of NWs grown with KMnO4 activation: (a) general view, (b) top 

view and (c) side view. NWs grown with ZnO seed layer: (d) general view, (e) top view and 

(f) side view. 

 

Figure 1.4a shows NWs grown on the substrate activated with KMnO4. The deposit is not 

uniform in terms of NWs density all over the substrate. This procedure leads to pencil tip 

ended NWs whose length and diameter are respectively 11 µm and 1.2 µm (Figure 1.4b and 

Figure 1.4c). The procedure using a ZnO seed layer leads to a more homogeneous growth and 

density as shown in Figure 1.4d. The NWs show a length of 7 µm and a diameter of 0.8 µm 

(Figure 1.4e and Figure 1.4f). The seed layer method is thus preferred to the substrate 

activation as it leads to a homogeneous arrangement of flat ended hexagonal ZnO NWs, well 

aligned perpendicular to the substrate. 

 

  Simplification of the growth procedure from Kokotov et al. [25] 

As explained in 1.3.1, using a seed layer leads to hexagonal-shaped flat ended NWs whose 

length and diameter are respectively 7 µm and 0.8 µm (Figure 1.5a and Figure 1.5b). 

A first modification consisted in dissolving all the reactant directly in the final amount of 

water. The results show inhomogeneous growth of the NWs (Figure 1.5c and Figure 1.1d): 

NWs are oriented in any direction and do not show the expected hexagonal flat ended shape.  
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In the simplified process, zinc sulphate was first dissolved in the ammonium hydroxide 

solution. The direct dissolution of zinc precursor in ammonium hydroxide leads to the 

formation of stable species [Zn(NH3)4]
z+, which will lead to the ZnO precursor, Zn(OH)2, 

when the growth solution is heated at 90 °C [32]. Two solutions were added to water so that 

the total volume of the solution was 130 mL: the first solution contained the complexed zinc 

and the second solution was pure ethanolamine. After combination, the mixture was stirred 

until pH was stabilised and heated for growth. The NWs obtained after growth with the 

simplified process are well formed with hexagonal flat ended shape and they are oriented 

perpendicular to the substrate as shown in Figure 1.5e and Figure 1.5f. They show a diameter 

of ~0.8 µm and a length of ~6 µm, values which are close to those of the growth procedure 

from Kokotov et al. [25]. The optimised procedure leads to homogeneous NWs and allows to 

save 50-60% of preparation time (at laboratory scale) in the preparation of the growth 

solution.   

 

 

Figure 1.5. ESEM pictures of the NWs obtained by different procedures. (a) and (b): top and 

side view of initial procedure; (c) and (d): top and side view with first modified procedure; (e) 

and (f): top and side view with simplified procedure.  

 

The reproducibility of the growth process has been studied for the simplified procedure. The 

synthesis was fully reproduced 10 times and the morphology of the NWs obtained after 

growth was characterised. The two graphs in Figure 1.6a and Figure 1.6b respectively show 

the length and the diameter of the NWs for each distinct synthesis. The average diameter on 

Figure 1.5b is about 0.95 ± 0.15 µm. Even if the diameter varies from 0.75 µm to 1.12 µm, six 

measurements out of ten are within the standard deviation (blue frame). The average length is 

about 6.5 µm ± 0.5 µm and seven measurements out of ten are in the standard deviation. 



21 

 

 

Figure 1.6. Synthesis reproducibility in terms of (a) length and (b) diameter of the NWs. 

 

  Growth kinetics study 

1.3.3.1 Study of the growth process  

The visual aspect and evolution of the solution was observed during the whole growth and 

linked to the pH and temperature monitoring. The temperature in the growth solution 

stabilises at ~80 °C while the temperature of the oil bath is set at 90 °C. The temperature and 

pH values were stable from 50 min to the end of the synthesis. During the growth of the NWs, 

four steps can be observed, as shown in Figure 1.7: 

(i) Between 15 and 30 min, the microscope slide is becoming opaque, which is an 

indication of growth on the substrate (heteronucleation process), while the solution 

remains clear (Figure 1.7a). 

(ii) Between 30 and 60 min, besides the growth on the substrate, the solution becomes 

opaque, due to the formation of ZnO in solution (homogeneous nucleation – 

Figure 1.7b).  

(iii) Between 60 and 90 min, the homogeneous ZnO precipitates at the bottom of the 

vial (Figure 1.7c). 

(iv) Between 90 and 120 min, the solution becomes clear again and the microscope 

slide is coated with the NWs (opaque slide - Figure 1.7d). 
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Figure 1.7. Pictures showing the evolution of the synthesis solution after (a) 30 min, (b) 60 

min, (c) 90 min and (d) 120 min. 

 

In order to monitor the reaction medium during ZnO nanowire growth, a combined pH and 

temperature probe was introduced in the vial. Temperature and pH were recorded every 5 min 

for six different syntheses (Figure 1.8a and Figure 1.8b). The growth solution does not reach 

the set temperature; the growth is thus occurring at 80 °C instead of 90 °C. The pH decreases 

when the temperature increases. The temperature and pH values are stable from 50 min to the 

end of the synthesis. The graphs in Figure 1.8c and Figure 1.8d show the temperature and pH 

variance. The variance measures the dispersion of the values of a variable; the variance () of 

a set of n equally likely values can be written as: 

𝑣 =
∑(𝑋𝑖−�̅�)² 

𝑛
       (1) 

where Xi is the ith value of variable X, �̅� is the mean of the values of this variable, and n the 

total number of values. In other words, the variance is defined as the average of 

the squared differences from the mean. 

From one synthesis to another, one observes a large temperature and pH variation from the 

beginning of the syntheses to 45-50 min heating. This variation of temperature is probably 

due to the regulation of the heating plates, or the level of liquid in the pH probe. After 

numerous experiments, it was finally found that the maximum temperature reached in the 

solution depended more on the liquid level of KCl solution inside the pH probe than on other 

parameters (completely filled probe or ¾ filled already induced measurable differences). The 

KCl solution partly evaporated during the 2 h of the experiment and we did not fill the probe 

for each new experiment, which we should have done. 

The pH decrease observed is not due to an OH- consumption: it is linked to the temperature 

variation, as shown in Figure 1.8e: this figure reports the evolution of pH values of a NH4OH 
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solution (prepared with pH = 11.2 at room temperature) placed in the oil bath at 90 °C while 

its temperature increases, then decreases when stopping the bath heating.  
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Figure 1.8. (a) Temperature monitoring and (b) pH monitoring, (c) temperature variance and 

(d) pH variance, (e) monitoring of temperature ( ) and pH ( ) of the NH4OH solution. 
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According to Richardson et al. [32], the mixing of ZnSO4 and NH4OH precursors leads to the 

formation of prevalent stable species [Zn(NH3)4]
z+ at pH = 11 (25 °C). The speciation plots 

(extracted from Richardson et al. [32]) shown in Figure 1.9a indicate that the increased 

solubility is due to the formation of the zinc tetra-amine complex, Zn(NH3)4
2+, as the 

prevalent species is Zn(II) in that pH range (clear solution). When the solution is heated up, 

the pH range where Zn(NH3)4
2+ is stable shrinks and is shifted to lower pH values (pH = 7 to 

9). According to Figure 1.9b, a decrease of Zn(II) solubility at pH = 11 is observed when the 

solution is slowly heated from room temperature to 80 °C. At pH = 11, one of the prevalent 

species is Zn(OH)2, which precipitates. The solution can remain near equilibrium (clear) by 

depositing ZnO onto the pre-existing seeds that were produced on the substrate 

(heteronucleation). This explains the opacity of the slide on Figure 1.7a, while the solution 

remains clear. The formation of a white precipitate when the solution gets close to 80 °C (30-

60 min growth in our case) is due to the rapid decrease of solubility of Zn(II) species, which 

leads to transition reaction from [Zn(NH3)4]
z+ to Zn(OH)2. This decrease in solubility leads to 

a supersaturation large enough to initiate the nucleation of epitaxial ZnO on the substrate and 

to precipitate ZnO particles in solution. This homogeneous nucleation process can limit the 

growth of ZnO NWs due to fast reactant consumption [32]. 

 

Figure 1.9. Speciation in an aqueous solution of dissolved Zn(II) vs. pH (a) at 25°C and (b) at 

90 °C. Reprinted from reference [32]. 

 

In order to complete the study of the growth process, the distribution of the Zn (II) species 

was determined after different synthesis times (Exp A1). The time spans were chosen 

according to the visual aspect of the solution observed in Figure 1.7. Four syntheses have 

been done in parallel. They were started simultaneously and stopped after different times (Exp 

A1): 30 min, 60 min, 90 min and 120 min. At the end of each synthesis, the reaction vial was 
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introduced into an ice bath to stop the homogeneous growth process. The growth solution was 

filtrated using Büchner filtration.  

The proportion of zinc on the glass substrate (homogeneous and NWs), in solution and on the 

filter was evaluated. During growth, ZnO can be formed on the seeded side of the glass 

substrate (NWs), on the unseeded side of the glass substrate (settling of homogeneous ZnO 

from the solution), and in solution; the latter phenomenon leads to the formation of a white 

precipitate (homogeneous ZnO) that mostly settles at the bottom of the reaction vessel and is 

recovered by filtration.   

The substrates were weighed after seeding, after growth, and after the ZnO particles due to 

homogeneous nucleation were removed from the unseeded upward-facing side of the 

substrates. The quantity of zinc in solution was evaluated by ICP measurements. The 

precipitate was weighed in order to evaluate the quantity of homogeneous ZnO formed in 

solution during growth process.  

The percentage of zinc under the different forms was evaluated from the initial quantity of 

zinc added in the solution before growth. Table 1.1 shows the time evolution of the 

percentage of NWs grown on the seeded side of the slides, the percentage of homogenous 

ZnO settling on the upward facing side of the slides, the percentage of the filtered ZnO and 

the percentage remaining in solution. An increase of the percentage of the NWs and of the 

homogeneous ZnO deposited on the slide with time is observed (Table 1.1).  

 

Table 1.1. Evolution of the percentage of different ZnO forms during growth. 

Time 

(min) 

% ZnO NWs 

(on slide) 

% ZnO 

homogeneous 

(on slide) 

% ZnO filtered 

homogeneous  

(in solution) 

% ZnO  

in solution 

30 0.6 0.0 0 100 

60 3.0 0.7 21 85 

90 5.0 2.0 30 66 

120 7.0 3.0 15 80 
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Figure 1.10. Evolution of ZnO during growth. ( ) Percentage of ZnO in solution, ( ) 

percentage of ZnO collected via Büchner filtration. 

 

Figure 1.10 shows the (mass) percentage of ZnO in the solution and the percentage of 

homogeneous ZnO material collected via Büchner filtration during growth as a function of 

time. From the beginning of the growth to ~90 min, the percentage of ZnO in solution 

decreases to 60% while the percentage of precipitated homogeneous ZnO increases to 30%. 

At 90 min, the tendency is reversed: the fraction of solid ZnO decreases while that in solution 

increases. This situation is probably due to the dissolution of homogeneous ZnO material. 

Shaojing Bu et al. [33], showed that the growth of ZnO NWs can be described based on the 

chemical equilibrium of dissolution-regrowth in solution [34, 35]. The thermodynamic 

equilibrium for ZnO(s)-H2O system can be represented by: 

 

ZnO(s) + (n-1)H2O ↔ Zn(OH)n
z-n

(aq)+ (n-2)H+         (2) 

 

Figure 1.10 suggests that, at equilibrium, the dissolution of ZnO and growth of NWs occur 

simultaneously. The presence of ZnO(s) in the alkaline environment moves the equilibrium of 

Equation 2 to the right because of the lower concentration of Zn(OH)2
z-n

(aq) observed after 

90  min of growth.  

This first study has shown that the visual aspect of the solution during growth and the growth 

solution temperature evolution are linked. When the temperature is close to 80 °C, the growth 

of the nanowires starts. During synthesis, a competition with the ZnO formed in solution 

limits the growth of NWs on the substrate. Moreover, it has been shown (Figure 1.10) that the 
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growth of NWs is based on a dissolution-regrowth equilibrium at the end of the growth 

procedure when the reactants get depleted. 

 

1.3.3.2 Kinetics study 

A kinetic study was performed in order to follow the evolution of the NW morphology and 

determine their speed growth throughout the growth process. The NW growth speed was 

determined from length and diameter measurements on ESEM images. In Exp A1, four 

syntheses were done in parallel with one substrate in each solution coming from the same 

growth stock solution prepared according to the modified growth procedure from section 

1.2.2. 

The ESEM pictures in Figure 1.11 show the evolution of the NW morphology at different 

times. The NW length and diameter are reported in Table 1.2. The ESEM top view at 30 min 

growth (Figure 1.11a) shows that the morphology of the NWs is not defined (rough surface). 

The ESEM side view (Figure 1.11b) shows that the NWs are not oriented along the c axis. At 

60 min growth, the hexagonal morphology starts to be visible. At the root of the NWs, the 

growth of NWs which are not oriented perpendicularly to the substrate seems hampered by 

the well-oriented ones (Figure 1.11d). From 90 min growth on, the hexagonal flat-ended 

shape of the NWs is visible (Figure 1.11e and Figure 1.11g). 

 

 

Figure 1.11. ESEM images of the evolution of ZnO NWs during growth process with inserted 

zoom of NWs. 30 min (a) top view and (b) side view; 60 min (c) top view and (d) side view; 

90 min (e) top view and (f) side view; 120 min (g) top view and (h) side view. 

 

According to Table 1.2, the length and diameter of the NWs increase with time. From the 

values obtained, it is then possible to evaluate the length and diameter growth speed using 
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Equations 3 and 4, where Lti and Lti+1 are the average NW length and Dti² and Dti+1² the 

surface area at times ti and ti+1.  

𝐿𝑒𝑛𝑔𝑡ℎ 𝑔𝑟𝑜𝑤𝑡ℎ 𝑠𝑝𝑒𝑒𝑑 =
𝐿𝑡𝑖+1 − 𝐿𝑡𝑖

𝑡𝑖+1− 𝑡𝑖 
       (3) 

 

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑔𝑟𝑜𝑤𝑡ℎ 𝑠𝑝𝑒𝑒𝑑 =
𝐷𝑡𝑖+1²−𝐷𝑡𝑖²

4(𝑡𝑖+1− 𝑡𝑖) 
    (4) 

 

Table 1.2. Length and diameter obtained after different growth times for Exp A1. 

Time 

(min) 

Length 

(µm) 

Diameter 

(µm) 

30 0.9 0.24 

60 2.9 0.68 

90 4.7 0.73 

120 6.0 0.95 

 

The graph in Figure 1.12 has been plotted using Equation 2 for the y-axis and the middle time 

between two measurements were used for the x-axis. The graph shows the length growth 

speed (nm min-1) and the diameter growth speed (nm min-1) as a function of time.  

Between 0 and 45 min, the trend line shows an increase of the length and diameter speed 

growth. In accordance with the temperature monitoring during this period (increase of 

temperature up to 80 °C on Figure 1.8 a), the Zn(OH)2 species concentration increases at the 

expense of Zn(II), which leads to the formation of ZnO NWs on the seeded substrate. From 

30 min on, the homogeneous nucleation in solution begins. The two growth processes 

(homogeneous in solution and heterogeneous on the substrate) occur simultaneously. During 

the second phase (45-70 min), the diameter and length growth speed tend to decrease due to 

the large consumption of the reactants. This large consumption leads to an increase of the 

concentration of homogeneous ZnO in solution (opacity of the solution). The diameter growth 

speed then tends to increase again from ~70 min on. The increase of the diameter growth 

speed could be explained by the dissolution-reprecipitation of ZnO confirmed by results 

shown in Table 1.1 and Figure 1.10. From the ESEM top views at 90 and 120 min (Figure 

1.11c and Figure 1.11d), it can be assumed that the dissolution-reprecipitation leads to the 

formation of the hexagonal flat-ended NWs. ZnO that dissolves back probably originates from 

homogeneous ZnO formed in solution as Table 1.1 shows that, after 90 min, the amount of 
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homogeneous ZnO decreases and the amount of Zn (II) species in solution increases. These 

Zn (II) free species can precipitate back onto the existing NWs, further increasing their size 

and, in particular, their diameter, as shown by the results gathered in Table 1.2. 

One of the objectives of this project was to reach a minimum length growth speed of 

20 nm min- 1 in order to obtain as fast as possible long nanowires and to have a process suitable 

for large-scale manufacturing. This experiment shows that it is possible to reach a maximum 

length growth close to 70 nm min-1, and a maximum diameter growth speed of 3 × 10-3 µm² 

min-1. Throughout the growth process, the length growth speed thus exceeds the target. 

 

Figure 1.12. (◼) Length growth speed and (◼) diameter growth speed vs. time. 

 

The second experiment consisted in introducing four slides in the same bath and to withdraw 

them successively, at 30 min, 60 min, 90 min and 120 min, while another substrate slide was 

introduced in the reactive vial at the same time (Exp B1a). To obtain additional results for 

intermediate times, four substrates were introduced at the same time in one additional 

chemical bath and were withdrawn at 15 min, 30 min (control sample), 45 min, 60 min 

(control sample) while another substrate was introduced in the reactive vial at the same time 

(Exp B1b).  

The removed slides were rinsed with deionised water, dried at room temperature and 

characterised by ESEM.  

Figure 1.13 shows the ESEM images of the compiled slides from Exp B1a and B1b which 

have been withdrawn from the chemical bath at 15, 30, 45, 60, 90 and 120 min. After 15 min, 

the growth of the ZnO NWs has not started yet, as shown in Figure 1.13a; that is the reason 

why no side view is shown. The ESEM images on Figure 1.13b show that the ZnO NWs are 
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visible after 30 min. The hexagonal and flat ended shape is not well defined yet, and the side 

view on Figure 1.13c shows that the nanowires are growing in all directions. After 45 min 

growth, the nanowires start to get the hexagonal structure with a pencil-like tip (Figure 1.13d). 

The side view shows that the nanowires are still not well organised (Figure 1.13e).  In Figure 

1.13f and g the hexagonal shape of the nanowires is more pronounced. 

The top views on Figure 1.13h and j show that the flat ended shape is well defined after 90 

min and 120 min respectively; furthermore, the side views on Figure 1.13i and Figure 1.13k 

show that the growth of badly oriented NWs stops when they meet other NWs. Only the well 

oriented NWs (along the c axis, perpendicular to the substrate) can continue growing without 

being stopped. The inserts in the top views show that the hexagonal shape appears between 60 

and 90 min of growth, which is in accordance with Exp A1. 

 

 

Figure 1.13. ESEM images of the evolution of ZnO NWs during growth process of Exp B1a 

and B1b. Slide withdrawn at 15 min: (a) top view (NWs are not visible on side view with 

ESEM). Slide withdrawn at 30 min: (b) top view and (c) side view. Slide withdrawn at 45 

min: (d) top view and (e) side view. Slide withdrawn at 60 min: (f) top view and (g) side 
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view. Slide withdrawn at 90 min: (h) top view and (i) side view. Slide withdrawn at 120 min: 

(j) top view and (k) side view. 

 

The length and diameter values of the removed slides are reported in Table 1.3. Compared to 

Exp A1, the values at 120 min are smaller. This difference in size (length and diameter) is 

probably due to a faster consumption of the reactants in presence of four substrates in solution 

instead of one. It may also be explained by the frequent opening of the vial (for removing and 

introducing substrates), which inevitably decreases the temperature. 

 

Table 1.3. Length and diameter obtained after removing the slides at different growth time. 

 EXP B1a EXP B1b 

Time 

(min) 

Length 

(µm) 

Diameter 

(µm) 

Length 

(µm) 

Diameter 

(µm) 

15 -a -a 0.00 0.00 

30 0.91 0.33 0.90 0.32 

45 -a -a 2.50 0.60 

60 3.25 0.63 3.30 0.62 

90 3.56 0.65 -a -a 

120 3.70 0.88 -a -a 

-a Experiment not performed. 

As mentioned above, new slides were inserted while others were removed from the solution at 

15, 30, 45, 60, and 90 min. Those inserted slides thus spent 105 min (Figure 1.14a top view 

and Figure 1.14b side view), 90 min (Figure 1.14c top view and Figure 1.14d side view), 75 

min (Figure 1.14e), 60 min (Figure 1.14f) and 30 min Figure 1.14g) in the growth solution, 

respectively. The slides inserted at 15 and 30 min (respectively 105 and 90 min in solution) 

led to NWs with a length of ~3 µm and a diameter of ~300 nm (Table 1.4), which is the same 

size range as observed for NWs growing for around 60 min on substrates introduced from the 

beginning of the reaction (Table 1.3). According to these results, it is thus possible to grow 

NWs when the seeded substrates are introduced between 15 and 30 min, i.e. when the 

temperature of the solution gets close to 80 °C. 
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Figure 1.14. ESEM images of the growth of NWs. Slide inserted after 15 min: (a) top view 

and (b) side view. Slide inserted after 30 min: (c) top view and (d) side view. Slide inserted 

after 45 min: (e) top view. Slide inserted after 60 min: (f) (top view). Slide inserted after 90 

min: (g) top view. NWs are too small to be seen on side view with ESEM for slides inserted 

after 45, 60 and 90 min. 

 

Moreover, with 105 and 90 min growth time (Figure 1.14a and Figure 1.14c), the hexagonal 

morphology of the NWs is similar to that of the NWs after 120 min growth (Figure 1.13j and 

Figure 1.13k). The diameter of the NWs decreases when the slides are inserted after 45 min or 

more. Starting from 45 min to the end of the experiment, which corresponds to growth times 

shorter than 75 min, the introduced slides led to NWs with a diameter of around 100 nm, and 

whose length was too small to be evaluated from ESEM micrographs. This phenomenon is 

much certainly linked to the fast consumption of reactants by the heteronucleation and the 

homogeneous nucleation occurring between 30 and 60 min, as explained before (section 

1.3.3.1, Table 1.1).  
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Table 1.4. Length and diameter of the NWs obtained after the insertion of slides at different 

growth time. 

 Exp B1a Exp B1b  

Time  

(min) 

Length 

(µm) 

Diameter 

(µm) 

Length  

(µm) 

Diameter 

(µm) 

15 -a -a 3.2 0.32 

30  2.5 0.26 2.0 0.20 

45 -a -a -b 0.13 

60 -b 0.12 -b 0.10 

90 -b -b -a -a 

-a Experiment not performed. -b Not measurable. 

 

In this experiment, a maximum speed growth of 40 nm min-1 was reached, with a maximum 

of growth rate observed between 30 and 60 min. The growth speed target for industrial 

application is thus achieved even if, in this case (multi-substrate), the growth speed is lower 

than that obtained in Exp A1 (one substrate). This is due to the introduction of four slides 

(Exp B1) in the same growth volume as for one (Exp A1): the consumption of reactants is 

faster and there is competition of NWs growth between substrates. 

Experiment A1 and B1 were repeated to assess the reproducibility. 

 

1.3.3.3 Reproducibility of the kinetic study 

The Exp A1 was repeated and the reaction was stopped at 30, 60, 120 min in order to check 

its reproducibility. Table 1.5 gathers the length and diameter measured for experiment A2. 

The length and diameter reported are similar to those obtained in Exp A1 (Table 1.2) after 30 

and 120 min. In Exp A2, the length and diameter values are reproducible at the beginning and 

at the end of the NWs growth period but more scattered during the growth period where; this 

period corresponds to competition between homogeneous and heterogeneous ZnO nucleation 

and growth and could be more sensitive to very small modifications of the reaction 

conditions.  
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Table 1.5. Length and diameter obtained after different growth times for Exp A2. 

Time 

(min) 

Length 

(µm) 

Diameter 

(µm) 

30 1.0 0.28 

60 1.7 0.60 

120 7.0 0.98 

 

 

Table 1.6. Length and diameter obtain after removing the slides at different growth time. 

 Exp B2a Exp B2b 

Time 

(min) 

Length 

(µm) 

Diameter 

(µm) 

Length 

(µm) 

Diameter 

(µm) 

15 -a -a 0.00 0.00 

30 1.50 0.53 1.03 0.20 

45 -a -a 1.60 0.36 

60 2.4 0.75 2.00 0.36 

90 6.0 0.90 -a -a 

120 4.0 0.70 -a -a 

-a Experiment not performed.  

 

When the Exp B1 were reproduced, some scattering was observed in the values of the length 

and diameter of the NWs, probably due to the variation of the bath temperature. In the Exp 

B2, the insertion and withdrawal of slides at different time during growth led to non-

reproducible values of length and diameter (Table 1.6) as the repeated opening of the reaction 

vessel induces temperature variations and thus disturbances of the nucleation-growth process 

at the origin of the nanowire growth. However, the length and diameter obtained after 120 

min, when the growth solution has become clear again, is reproducible even if intermediate 

sizes are not. 

Those two experiments (Exp B1 and B2) have shown that the target growth rate is reached 

with this synthesis procedure. Also, the NW synthesis via CBD is very sensitive to 
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temperature variations; it is thus preferable to grow ZnO NWs in a batch process to limit 

temperature variation.  

 

 Optimisation from the kinetic study  

The results from temperature monitoring and kinetics study (sections 1.3.3.1 and 1.3.3.2) led 

to further optimisation of the growth procedure. First, these studies have shown that the 

growth of NWs is very sensitive to temperature variations. Second, it was observed that it was 

possible to grow NWs on substrates introduced 15 min after the immersion of the growth 

solution in the oil bath, i.e. when the growth solution has reached a temperature of around 60 

°C (Table 1.4 and Figure 1.8). It has been previously shown that the temperature in the 

chemical bath reaches approximately 80 °C after heating for 30 min, and additional 20 min 

are necessary for the temperature to stabilise. In order to reach faster the temperature of 

maximum growth rate, water was preheated at various temperature levels before adding the 

reactants.   

Here, the 97.5 mL of water needed to reach the final volume where preheated at 40, 60, 70 

and 80 °C. The solution of (Zn(NH3)4)
2+ and the ethanolamine solution were added in non-

preheated state to avoid the precipitation of the zinc salt. A decrease of 10 °C was noticed for 

water preheated at 40, 60, 70 °C; a decrease of 20 °C was observed when the water was 

preheated at 80 °C. After a growth time of 2 h (40 °C), 1 h 40 (60 °C), 1 h 35 (70 °C) and 1 h 

30 (80 °C), the slides were then cleaned with DI water, dried at room temperature and 

characterised by ESEM (Figure 1.15). 

For the solutions preheated at 60, 70 or 80 °C, a white precipitate is directly formed when the 

(Zn(NH3)4)
2+ solution (i.e. a mix of zinc sulphate and ammonia in DI water) is added. This 

happens because, at 60 °C, the homogeneous nucleation has already started, as explained by 

Richardson et al. [32]. Figure 1.16 shows the length and the diameter of NWs as a function of 

the preheat temperature. When the water is not preheated (25 °C), the NWs reach 6 to 7 µm in 

length and 0.9 µm in diameter. When water is preheated starting from 40 °C, the length and 

diameter decrease significantly. This decrease of both parameters (length and diameter) is due 

to the spontaneous formation of the ZnO precipitate, which drains the zinc precursors from 

the solution; the NWs growth thus slows down. This experiment shows again that the 

concentration of precursors remaining in solution has a direct impact on the growth of the 

ZnO NWs. Preheating the water at temperatures higher than 40 °C leads to a further decrease 

of the NW size, both in terms of diameter and length.  
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Figure 1.15. ESEM images of the NWs when water is preheated. Preheating at 40°C: (a) top 

view and (b) side view. Preheating at 60 °C: (c) top view and (d) side view. Preheating at 

70 °C: (e) top view and (f) side view. Preheating at 80 °C: (g) top view and (h) side view.  

 

 

Figure 1.16. Evolution of (◼) the diameter and (⚫) the length of the NWs as a function of the 

preheating temperature of the water. 

 

  Homogeneity of the temperature 

In section 1.3.3.1, it was shown that the heating of the solution is not reproducible. As the 

growth of ZnO NWs is sensitive to temperature variation (see results in section 1.3.3.2), it is 

necessary to use a reproducible heating system. To this end, three different heating systems 

were studied. In system A, an oil bath was heated by a PID controller to 90 °C on a hot plate 

with the temperature probe placed into the oil (Figure 1.3a). The reaction vessel was then 

placed into the preheated oil.  Contrarily, in system B, the temperature probe was placed 

directly into the reaction vessel instead of into the preheated oil bath (Figure 1.3b). System C 
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was homemade: it consisted of a dual-wall system made of two propylene vials where water is 

heated at 90 °C and circulates constantly (Figure 1.3c).  The temperature was in all cases 

monitored in order to choose the system with the most reproducible heating. The temperature 

measurement in Figure 1.17a was monitored for 60 min, to check which system stabilises the 

fastest. System B takes more time to stabilise compared to systems A and C. Systems A and C 

follow the same tendency. It has been shown in section 1.3.3 (Figure 1.7) that system A has a 

variance of 4 °C. To discriminate system C from system A, the temperature monitoring was 

repeated four times as shown in Figure 1.17b. The temperature is evolving with the same 

tendency in system C. 

Figure 1.17c shows a variance lower than 1 °C after 30 min heating, which is lower than the 

system A where the variance was around 4 °C after 60 min. System C shows a good heating 

reproducibility and stabilises faster than system A. System C was thus kept for the following 

experiment in the next chapters, as reproducible results where obtain from this system. 
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Figure 1.17. (a) Evolution of temperature in the growth solution with the different systems: 

(◼) system A, (⚫) system B, () system C; (b) System C temperature monitoring for four 

different synthesis; (c) Temperature variance of system C. 

 

1.4 Conclusion 

The objectives here was to grow ZnO NWs for piezoelectric nanogenerator application. To do 

so, zinc oxide nanowires (NWs) have been grown through a combined process: a seed coating 

using a sol-gel process followed by growth using chemical bath deposition. The growth 

process was simplified in order to be suitable for industrial scale up, for which a minimum 

speed growth of 20 nm min-1 is required. The initial mixing process using three solutions of 

zinc, ammonia and ethanolamine in water was simplified as two solutions by dissolving the 

zinc salt directly into ammonia. This simplification reduces the number of steps while 

preserving the morphological properties of the NWs. With this simplified process, it was 
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possible to grow ZnO NWs with length of 6-7 µm and diameter of 0.9 µm diameter in 2 h at 

90 °C, in a relatively reproducible way.  

The growth mechanism has been linked to the visual aspect of the growth solution. Three 

growth phases were highlighted. The first phase consisted in ZnO NWs growth on the seeded 

substrate only. In the second phase, two growth processes are taking place at the same time: 

ZnO growth is occurring on the substrate and in the solution (homogeneous ZnO). This 

induces a sharp decrease of the precursors’ concentration which, in turns, leads to the 

decrease of the growth speed. During this phase, the synthesis process is very sensitive to 

temperature variations, which suggest that the synthesis should occur in a system that 

provides very stable reaction conditions. The maximum growth rate was reached at the 

beginning of this phase. Finally, during the third phase, one observes the dissolution-

precipitation of the homogeneous ZnO, i.e. previously formed in solution and settling down at 

the bottom of the vial. The process reached a maximum growth speed of 70 nm min-1 which is 

suitable for large-scale manufacturing, as the target was 20 nm min-1. Moreover, it has been 

shown that preheating the growth solution leads to a decrease of the NW length and diameter, 

which is not suitable to obtain long and thin NWs, necessary for piezoelectric applications. 

Finally, a dual wall heating system was built to replace the oil bath in order to homogeneously 

heat the growth solution.  

However, it was complicated to obtain reproducible, high quality and well aligned NWs. In 

order to improve the NW quality, work still needs to be done. In particular, studying the 

cleaning step of the substrate and the seed deposition method to ensure homogeneous NW 

growth is a key step. The impact of the thermal treatment of the seed layer to improve the NW 

orientation and growth is, in our opinion, another important factor to be determined.  This will 

be the subject of the next chapter 
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Chapter 2. Optimisation of the seed layer 

 

2.1 Introduction 

The first chapter of this PhD thesis was devoted to the study of ZnO nanowire (NW) growth 

kinetics. This study determined a NW maximum growth rate of 70 nm min-1. However, it 

highlighted some reproducibility issues in terms of NW morphology. Since the seed layer 

influences the NW array, ensuring the homogeneity and reproducibility of the seed layer is an 

important step to achieve a reproducible NW growth. This chapter will be focused on the 

study of the seed layer.  

According to literature, the quality of the seed layer, offering adequate nucleation sites for 

ZnO growth, is a key factor for obtaining well-oriented and homogeneous NW arrays [1, 2]. 

For example, Greene et al. [3] coated a seed layer oriented along the c-axis (002 axis); they 

noticed that, after growth, the well-oriented seed gave rise to (002) ZnO NWs only (Figure 

2.1a and Figure 2.1b) whereas a seed layer with a heterogeneous orientation, made from ZnO 

quantum dots deposited by dip-coating, led to badly oriented NWs (Figure 2.1c and Figure 

2.1d). 
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Figure 2.1. Control of ZnO nanowires orientation through the nanoparticle seed. (a) XRD and 

(b) top view ESEM micrograph of ZnO NWs grown from ZnO oriented nanocrystal seeds 

formed in situ on a silicon surface from the decomposition of a zinc acetate precursor at 

350 °C. (c) XRD and (d) top view ESEM micrograph of ZnO NWs grown from ZnO quantum 

dots (3-4 nm) that were deposited onto silicon by dip-coating. Both ZnO NWs arrays were 

grown for 30 min. Scale bars on (c) and (d) correspond to 500 nm. Reproduced from 

reference [3]. 

 

Different methods can be used for the preparation of the seed layer. The physical vapor 

deposition (PVD), such as radio frequency (RF) magnetron sputter-deposition technique, is a 

first example. Sputtering deposition is a vacuum technique where argon ions accelerated by 

an electric field hit a target of the desired material, thus ejecting atoms that are sputtered onto 

a target substrate as a thin layer. However, the cost of the device is too high to be considered 

as ZnO seed layer deposition technique at industrial scale [1, 4]. As an alternative, the wet 

coating techniques, such as dip-coating or spin-coating, consist in the deposition of a 

precursor solution onto the substrate followed by a calcination step at high temperature (> 200 

°C) to ensure crystallisation. The wet-coating was preferred in our work for ZnO seed layer 

deposition because it is a simple, straightforward and low cost equipment as it occurs at 

ambient atmosphere [5, 6]. 

Different precursor solutions can be used to form the ZnO seed layer: one can for example use 

(i) zinc acetate with sodium hydroxide in alcohol, (ii) zinc acetate in alcohol, (iii) zinc acetate 

and ethanolamine in alcohol, (iv) zinc nitrate and hexamethylenetetramine (HMTA) in water 

[7–9]. Among these proposals, two different precursor solutions (zinc acetate in ethanol and 

zinc acetate in ethanol with addition of ethanolamine) were explored in our study for several 

reasons: (i) their ease of application, (ii) the referred annealing treatment at moderate 
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temperature (350 °C) and, especially, (iii) their ability to further generate a uniform, dense 

and vertically oriented ZnO NW arrangement with respect to the substrate during the growth 

by chemical bath deposition (CBD), as mentioned by literature [10].  

Many variables can influence the growth of ZnO NWs. Podlogar et al. [6] grew ZnO NWs on 

sapphire and glass substrate, either with or without a seed layer; similar results were obtained 

on both substrates. More or less separated, randomly oriented prismatic hexagonal ZnO 

crystals were grown on both substrates without seed layer, while highly oriented ZnO NW 

film was obtained with a seed layer. According to Ohyama et al. [5], the growth of ZnO NWs 

strongly depends on (i) the seed layer thickness and (ii) the heat treatment applied to the seed 

layer prior to NW growth. Kang et al. [1] showed that a seed layer previously oriented along 

the c axis (002 axis) would produce nanowires oriented along this axis, as shown in Figure 

2.1. As a summary, the NW growth depends on the use of a seed layer. Indeed, the thickness 

and heat treatment of the seed layer strongly influences the orientation of the ZnO crystallites. 

In this work, spin-coating and dip-coating were used to generate the seed layer, and results 

were compared. With spin-coating, it is possible to control the film thickness by modifying 

the rotation speed or the viscosity of the precursor solution. However, with the device 

available in our laboratory, substrates of large size (> 50 cm²) cannot be spun at a sufficiently 

high speed to obtain thin films; in addition, 2-5% of the volume of the material are effectively 

deposited onto the substrate, while the remaining 95-98% are lost into the coating bowl. With 

dip-coating, the film thickness depends on the viscosity of the precursor solution, the rate of 

solvent evaporation, as well as the angle and speed of substrate withdrawal from the solution 

[11]. The evaporation rate thus depends on the nature of the solvent. Dip-coating is a 

commonly used technique in the industry and laboratory, because it requires cheap raw 

materials and equipment, follows easy steps and because the films obtained are usually 

homogeneous [12].  

In this chapter, we study the spin-coating and dip-coating process for the deposition of the 

seed layer followed by chemical bath deposition to grow the NWs. The concentration of the 

precursor solution, the number of layers deposited and the temperature of calcination were 

studied. The influence of those variables on the NW growth were assessed using profilometry 

measurement, UV-visible spectroscopy, X-Ray Diffraction and electron microscopy. The 

synthesis conditions were optimised in order to develop a scalable and low temperature 

process which opens up the possibility to use a wide range of substrates such as organic 

flexible substrates.  
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2.2 Experimental work 

The cleaning of the substrates was first optimised in order to ensure a homogeneous 

deposition on the substrate. Then, two techniques, spin-coating and dip-coating, were studied 

for the deposition of the seed layer. After selecting the seeding technique, the precursor 

concentration of the seed solution was optimised. From the results obtained, the number of 

layers deposited, the thermal pre-treatment and the final calcination step, were studied for the 

seed deposition method, and their influence on the homogeneity and quality of the ZnO NWs 

grown was examined. 

2.2.1. Cleaning procedure 

Before deposition of the seed layer, the substrates were cleaned with RBS T105 detergent 

solution (20 min) and rinsed by dipping the substrate in deionised water (20 min), acetone 

(20 min) and ethanol (20 min). As the results showed a heterogeneous deposition of the seed 

layer when cleaning with detergent (see Section 2.3), the substrates were in the next 

experiments cleaned with Gardoclean grease remover solution (20 min) and rinsed with 

deionised water (20 min), acetone (20 min) and ethanol (20 min). They were then dried with 

under air flow at room temperature. Before deposition, one of the surfaces of the glass slide 

was covered with adhesive tape protection to ensure the deposition of the seed layer on one 

side of the glass slide only. 

 

2.2.2. Seed deposition by spin-coating vs. dip-coating 

2.2.2.1. Seed deposition by spin-coating 

The microscope slide substrates (Superior Marienfeld) were first cleaned by sonication in an 

RBS T105 detergent solution (20 min) and rinsed by dipping the substrate in deionised water 

(20 min), acetone (20 min) and ethanol (20 min). They were then dried 30 min at 60 °C in air. 

A solution of zinc acetate dihydrate (Zn(CH3COO)2.2H2O, Sigma Aldrich, 99.999%) at in 

ethanol (concentration: 5 × 10- 3 mol L-1) was prepared for the seeding process. The seed layer 

procedure consisted in the deposition of 1 mL of the solution onto a clean slide substrate via 

spin-coating technique. The spin coating was performed at 2000 rpm for 30 s; the whole 

process was repeated five times (Figure 2.2a and Figure 2.2b). Finally, calcination at 350 °C 

for 20 min in air was performed in order to decompose zinc acetate and to form ZnO 

nanocrystals which would act as nucleation sites for the subsequent growth of ZnO NWs. 
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After the ZnO seed layer deposition, ZnO NWs were grown by Chemical Bath Deposition 

(CBD) (see section 2.2.7.1). After growth, the NWs coatings were characterised using 

environmental scanning electron microscopy (ESEM-FEG XL30 Philips, Esprit 1.9 software). 

Regarding the poor results obtained using spin-coating (section 2.3.2), the seed study was 

continued using dip-coating.  

 
Figure 2.2. (a) Spin-coating device at the NCE laboratory; (b) scheme of the spin-coating 

principle. 

 

2.2.2.2. Seed deposition by dip-coating  

ZnO seed layers were deposited onto clean alkali-free glass slides (Schott AF32 eco) via the 

dip-coating technique. Note that the type of substrate was modified between this section and 

section 2.2.2.1 because it was then expected to post-treat the seeds by thermal treatment, and 

Superior Marienfeld glass slides used previously could not withstand temperatures above 

350 °C. The substrates were first cleaned with Gardoclean grease remover solution (20 min) 

and rinsed with deionised water (20 min), acetone (20 min) and ethanol (20 min). They were 

then dried with under air flow at room temperature. Before deposition, one side of the glass 

slide was covered with adhesive tape protection to ensure the deposition of the seed layer on 

one side of the glass slide only. An equimolar solution of 5 × 10-3 mol L-1 of zinc acetate 

dihydrate (Zn(CH3COO)2.2H2O, Sigma Aldrich, 99.999%) and ethanolamine (C2H7NO, 

Sigma Aldrich, ≥ 98%) in ethanol was prepared to produce the seed films. Generally, dip 

coating consists of five-steps, including:  

(i) Immersion: at a constant speed, the substrate is dipped into the coating solution. 

(ii) Start-up: the substrate remains in the solution for a chosen time, and then it starts 

to be pulled out.  
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(iii) Deposition: while the substrate is being pulled out, the thin film coating starts to 

be deposited on it. The thickness of the coating is directly dependent on the speed 

by which the substrate is being pulled out. The slower the pull, the thinner the 

coating layer. 

(iv) Drainage: in this step, excess liquid is drained from the substrate surface. 

(v) Evaporation: solvent starts to evaporate from the surface of the substrate to form a 

thin film. 

 

The seed film was prepared by dipping the glass slide in the coating solution and withdrawing 

it at a rate of 0.2 m min-1, with a start-up time of 30 s. During the withdrawal process, a layer 

of the precursor solution is entrained with the slide. The liquid is drained by gravitational 

forces and the solvent evaporates, causing the film deposition (Figure 2.3a and Figure 2.3b). 

The seeds were then calcined at 350 °C in air for 20 min. After the ZnO seed layer deposition, 

ZnO NWs were grown by CBD. After ZnO NW growth, the coatings were characterised 

using environmental scanning electron microscopy (ESEM-FEG XL30 Philips, Esprit 1.9 

software). 

 

 

Figure 2.3. (a) Dip-coating installation at the NCE laboratory; (b) scheme of the dip-coating 

principle. 

 

2.2.3. Influence of Zn(CH3COO)2 concentration on the seed layer 

An equimolar solution of zinc acetate dihydrate (Zn(CH3COO)2.2H2O, Sigma Aldrich, 

99.999%) and ethanolamine (C2H7NO, Sigma Aldrich, ≥ 98%) in ethanol was prepared to 

produce the seed films. Four concentrations were used: 5 × 10-3 mol L-1, 0.1 mol L-1, 
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0.25 mol L- 1 and 0.5 mol L-1. The solutions were heated at 60 ºC for 2 h under stirring and 

cooled down at room temperature (3 h of natural cooling) in order to obtain a stable and 

homogeneous colloidal solution. The solution was then deposited onto Gardoclean-cleaned 

alkali-free glass slides (Schott AF32 eco) via the dip-coating technique. The coating was 

deposited at 0.2 m min- 1 speed, and then a thermal pre-treatment was performed at 100 °C for 

20 min in air, followed by calcination at 650 °C for 20 min in air (Figure 2.4).  

 

Figure 2.4. Flow chart showing the procedure for preparing ZnO films. 

 

Once the glass slide had been coated with the ZnO seed layer, ZnO NWs were grown by CBD 

[13, 14] (see section 2.2.7). The orientation of the crystallites of the seed layer was 

determined using X-ray diffraction on a Siemens D-5000 diffractometer (Cu Kα radiation, 40 

kV, 40 mA), and UV-visible spectroscopy on a Thermo Scientific Genesis 10S spectrometer 

as a complementary technique. The thickness of the seed films was measured by contact 

profilometry using a Veeco Dektak 8 Stylus Profiler. 

 

2.2.4. Effect of seed layer calcined at different temperature 

After the optimisation of the concentration of the seed precursor solution, the next step was to 

optimise the calcination temperature of the seed layer. An equimolar solution of zinc acetate 
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dihydrate (Zn(CH3COO)2.2H2O) and ethanolamine in ethanol was prepared to produce the 

seed films. The study of the influence of zinc acetate concentration on the seed deposition 

prompted us to set that variable value at 0.25 mol L-1 (see results of section 2.3.3.). This 

solution was heated at 60 ºC for 2 h under stirring and cooled down to room temperature (3 h 

of natural cooling), in order to obtain a stable and homogeneous colloidal solution. The 

solution was then deposited onto the glass substrates by dip-coating. Four different slides 

were dip-coated and then a thermal pre-treatment was made at 100 °C for 20 min in air, 

followed by four different calcination treatments: 200, 300, 400 and 650 °C during 20 min in 

air (Figure 2.5). The seed layer was characterised using contact profilometry, UV-visible and 

XRD measurement using the same devices as in the previous section. The ZnO NWs were 

then grown on the seed and characterised as described in section 2.2.7. 

 

 

Figure 2.5. Flow chart showing the seed layer calcination step procedure. 

 

2.2.5. Influence of the number of seed layers  

The influence of the number of seed layers deposited on the glass slide prior to ZnO NW 

growth was studied. The seed coatings were made with an equimolar solution of zinc acetate 

dihydrate (Zn(CH3COO)2. 2H2O, Sigma Aldrich, 99.999%) and ethanolamine (C2H7NO, 
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Sigma Aldrich, ≥ 98%) in ethanol. Three coatings were deposited by the dip-coating method 

using a precursor solution of 0.25 mol L-1. Two procedures were studied. 

The first one consisted in a thermal pre-treatment of the deposited layer at 100 °C for 20 min 

in air between each coating, followed by a final calcination at 650 °C for 20 min in air. The 

second one consisted in a double calcination of the deposited layer: the first calcination was 

done at 350 °C for 20 min in air between each coating, and was followed by a final 

calcination at 650 °C for 20 min in air (Figure 2.6). The seed layer was then characterised by 

XRD measurement, UV-visible spectroscopy and profilometry. Finally, the ZnO NWs were 

grown and characterised as detailed in section 2.2.7.  

 

 

Figure 2.6. Flow chart showing the multi-dip process of the seed layer. 

 

2.2.6. Influence of the calcination procedure of the seed layer  

The heating procedure consisting in a double calcination (first at 350 °C, second at 650 °C) 

presented in section 2.2.5 gave rise to well oriented seed layer (see section 2.3.5). Starting 

from these results, two additional experiments were performed. 

The first experiment consisted in the decrease of the final calcination step from 650 °C down 

to 350 °C. To do so, one and three deposits were done using an equimolar precursor 
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concentration of zinc acetate and ethanolamine at 0.25 mol L-1 with a first calcination of 20 

min at 350 °C in air carried out between each deposit, followed by a final calcination step 20 

min at 350 °C (Figure 2.7). 

 

Figure 2.7. Flow chart showing a low temperature process for multiple seed layers. 

 

In the second experiment, the goal was to check if applying a single prolonged heating step at 

350 °C gave rise to the same results as a double calcination at 350 °C with intermediate 

cooling step. In that case, the calcination at 350 °C was carried out for 20, 40, 60 and 80 min 

after dip-coating of one layer, as presented in Figure 2.8. The seed layers were characterised 

by XRD measurement and UV-visible, using the same devices as previously. Finally, the ZnO 

NWs were grown as presented in section 2.2.7. 
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Figure 2.8. Flow chart for the prolonged calcination. 

 

2.2.7. Growth of NWs 

2.2.7.1. Optimised growth process using zinc sulphate 

After the ZnO seed layer deposition, ZnO NWs were grown by Chemical Bath Deposition 

(CBD), according to the Kokotov et al.[14, 15] optimised process presented in Chapter 1 

(section 1.2.2). The zinc sulphate heptahydrate powder (3.74 g, ZnSO4.7H2O, Sigma Aldrich, 

99.9%) was directly dissolved into 19.5 mL of 4.0 mol L-1 ammonia solution (NH4OH, 25-30 

wt.% as ammonia (NH3), Emsure, Merck). The previous solution and 13 mL of ethanolamine 

(2-aminoethanol, Sigma Aldrich, ≥ 98%) were added to 97.5 mL of deionised (DI) water. The 

growth solution (130 mL) was prepared in a 160 mL polypropylene vial, giving the following 

final concentrations: 0.1 mol L- 1 Zn2+, 0.6 mol L-1 NH4OH and 1.7 mol L-1 ethanolamine. The 

solution was vigorously stirred until the pH stabilised at ~11.1 ± 0.2 (10 min). The substrate 

was introduced inclined from vertical to prevent particles which might form in the solution 

from settling on the downward-facing seeded side of the substrate. The reaction vial was 

closed and placed for 2 h in a dual wall system where water was heated at 90 °C and 

circulated constantly, as presented in Chapter 1 (section 1.2.5). After growth, the substrate 

was removed from the solution, immediately rinsed with DI water to remove loose ZnO 

precipitates and any residual reactant from the surface, and dried in air at room temperature 
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for 24 h. After growth, the NW coatings were characterised using environmental scanning 

electron microscopy (ESEM-FEG XL30 Philips, Esprit 1.9 software). 

 

2.2.7.2. Modified growth process using zinc nitrate and zinc sulphate 

Zinc nitrate hexahydrate (Zn(NO3)2.6H2O, Sigma Aldrich, 99.9%) and zinc sulphate 

heptahydrate (ZnSO4.7H2O, Sigma Aldrich, 99.9%) powders were directly dissolved into 

19.5 mL of 2.7 mol L-1 ammonia solution (NH4OH, 25-30 wt.% as ammonia (NH3), Emsure, 

Merck). The previous solution and 13 mL of ethanolamine (2-aminoethanol, Sigma Aldrich, 

≥ 98%) were added to 97.5 mL of DI water. The growth solution (130 mL) was prepared in a 

160 mL polypropylene vial, giving the following final concentrations: 5 × 10-2 mol L-1 Zn2+, 

0.4 mol L- 1 NH4OH and 1.7 mol L-1 ethanolamine. The solution was vigorously stirred until 

the pH stabilised at 11.2 ± 0.2. The substrate was introduced inclined from vertical to prevent 

particles which might form in the solution from settling on the downward-facing seeded side 

of the substrate. The reaction vial was closed and placed for 2 h in an oil bath heated at 90 °C. 

After growth, the substrate was removed from the solution, immediately rinsed with DI water 

to remove loose ZnO precipitates and any residual reactant from the surface, and dried in air 

at room temperature for 24 h. After growth, the coatings were characterised using 

environmental scanning electron microscopy. 

 

2.3. Results and Discussion 

2.3.1. Cleaning procedure 

Surface cleaning is an important step to eliminate contaminants originating from 

manufacturing processes, such as cutting or polishing fluids. Moreover, cleaning the surface 

leads to coatings as homogeneous as possible and facilitates the reproducibility.  

Various ways to clean a surface exist as, for example: (i) plasma reactive species (Ultra Violet 

and vacuum ultra violet (VUV) emissions, oxygen or hydrogen radicals) [16] which remove 

contaminants without leaving any residues, (ii) alkaline cleaners (pH = 11) generally 

combined with heat (e.g. saturated solution of KOH at 75 °C), (iii) detergent (soap) cleaner 

using e.g. RBS T105 detergent solution, (iv) solvent cleaning (water, water-alcohol mixture, 

chlorinated solvents, etc.) and (v) ultrasonic cleaning. Among all these techniques, 

Gardoclean grease remover is widely used for economic reasons to clean glass. As explained 
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in the experimental section, this cleaning is followed by several rinsing steps with water, 

acetone and ethanol. 

We first tried to clean the glass slides with RBS T105 detergent solution; however, when the 

concentration of the ZnO precursor solution was increased, it was noticed that the seed layer 

obtained after calcination was very heterogeneous. This is the reason why the cleaning step 

was changed from RBS T105 to Gardoclean grease remover for the next experiments. Figure 

2.9 shows two dip-coated slides which were cleaned either with Gardoclean (Figure 2.9a) or 

RBS T105 (Figure 2.9b) before dip-coating. The slides were then immersed into the solution 

for coating, withdrawn and calcined at 350 °C in air. After calcination of the seed layer, the 

slide cleaned with the grease remover has a better aspect than the slide cleaned with the 

detergent. The surface of the glass slides looks oily after dip-coating when the detergent is 

used, which is a sign of poor adhesion of the coating. The cleaning step with the grease 

remover was preferred to detergent because it leads to a better coating aspect.  

  

 

Figure 2.9. Surface preparation before dip-coating. Comparison between (a) Gardoclean 

grease remover and (b) RBS T105 detergent solution on aspect of seed layer. 

 

2.3.2. Seed layer by spin coating vs. dip coating 

Spin-coating and dip-coating depositions are commonly used techniques to form thin films. 

As detailed in the experimental part (section 2.2.2.), the spin-coating technique consists in the 

application of the precursor solution on the centre of a substrate and its rotation at high speed 
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in order to spread the coating material by centrifugal forces. The dip-coating technique 

consists in the immersion of a substrate into the coating solution particles and its withdrawal 

at constant speed. The two techniques were tested with a precursor solution of zinc acetate 

dihydrate diluted in ethanol (5 × 10-3 mol L-1) for spin-coating, and an equimolar solution of 

zinc acetate and ethanolamine (5 × 10-3 mol L-1) in ethanol for dip-coating. Mixing zinc 

acetate dihydrate and ethanolamine in absolute ethanol can produce well-aligned ZnO films 

[17] and is referenced as providing control of the morphology and particles size of ZnO [18–

20]. The addition of ethanolamine is believed to play the role of chelating and stabilising 

ligands, which would improve the solubility of zinc acetate [18]. Zinc precursor 

concentrations higher than 5 × 10- 3 mol L- 1 are thus required. 

Figure 2.10a shows the seed layer after spin-coating, while Figure 2.10b and Figure 2.10c 

display ESEM images of NWs grown on the spin-coated seed layer. Figure 2.10d shows 

ESEM image of NWs grown on the dip-coated seed layer. The “comet-like” shape present in 

Figure 2.10a and Figure 2.10b is due to the presence of large particles in the precursor 

solution; those “comets” can be avoided by filtration of the solution prior to coating. Figure 

2.10c shows the influence of the seed layer on the NW growth. The characterisation by optical 

microscope of the seed layer deposited by spin coating (insert in Figure 2.10c) shows non-

homogeneous areas. The existing defects on the seed layer shown in the inserted picture are 

also visible after growth of the NWs (Figure 2.10c). The homogeneity of the solution to 

deposit is thus essential for the seed homogeneity. In turn, as shown here, the seed layer 

quality strongly influences the homogeneity of the NWs growth. 

According to Figure 2.10d, dip-coating leads to a homogeneous NW array. In this work, dip-

coating was preferred to spin-coating, because it was possible to obtain homogeneous seed 

layer and ZnO NWs without prior filtration of the precursor solution. This is probably due to 

the fact that the large particles do not cling to the surface and are dragged along by the liquid 

film when the slide is removed. As this technique is suitable, it was chosen for the remaining 

work. Nevertheless, with prior filtration of the solution, it is possible that spin-coating would 

also work; additional experiments would be necessary to verify this. 
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Figure 2.10. ESEM images of seed layer before NW growth: (a) spin-coated seed layer with 

particles stuck on the surface; (b) image of a “comet” obtained after NWs grow on spin-

coated seed; (c) images of the NWs after seeding using spin-coating with insert in showing 

the seed layer before NW growth; (d) ESEM images of the NWs after growth on a dip-coated 

seed layer. 

 

2.3.3. Influence of Zn(CH3COO)2) concentration on the seed layer 

In order to determine the influence of the precursor concentration on the orientation of the 

seed layer, four different concentrations of an equimolar solution of Zn(CH3COO)2.2H2O and 

ethanolamine have been studied: 5 × 10-3, 0.1, 0.25 and 0.5 mol L-1 (section 2.2.3.). The 

thickness of the seed layer was evaluated by profilometry. Figure 2.11a shows that the 

thickness increases with the concentration of the precursor solution. The crystallinity of the 

ZnO seed layer was evaluated by UV-visible spectroscopy and XRD. The UV-visible and 

XRD results of the samples prepared using the lowest precursor solution concentration (5 × 

10-3 mol L-1) are not shown because no signal could be detected by these characterisation 

methods. According to Sagar et al.[21], the presence of ZnO crystals is characterised by a 

decrease in transmittance in the UV zone at ~380 nm. In addition, Poelman and Smet [22] 

have shown that this technique is thickness-dependent. Figure 2.11b shows the UV-visible 
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transmission spectra (wavelength range of 200-500 nm) of ZnO seed layers prepared with 

different concentrations of precursor solution, after calcination in air at 650 °C. All seed 

layers exhibit a transmittance higher than 90% in the visible range. Transmittance, however, 

decreases sharply in the UV region due to the band gap absorption [21]. This decrease gets 

more and more pronounced as the concentration of Zn(CH3COO)2 increases; this is due to the 

thickness increase of the crystalline seed layer [22–24]. 

 

 

Figure 2.11. (a) ZnO seed layer thickness measurement using profilometry as a function of 

the precursor solution concentration; (b) UV-visible transmission spectra of ZnO seed layers 

using various precursor solution concentrations: (▬) substrate; (▬) 0.1 mol L-1; (▬) 0.25 

mol L-1; (▬) 0.5 mol L- 1.  

 

XRD analysis was carried out to evaluate the crystalline properties of the seed films, with Zn 

precursor concentration from 5 ×10-3 mol L-1 to 0.5 mol L-1, and calcined at 650 °C in air. 

Figure 2.12 shows the XRD spectra between 2θ = 31° and 37° as a function of the 

Zn(CH3COO)2 concentration. The intensity of the peaks increases with the concentration of 

the precursor solution, which could be due to the increase of the film thickness [25]. XRD 

peaks at 31.6°, 34.3° and 36.1°, corresponding to ZnO (100), (002) and (101) planes 

respectively [1], were identified for the 0.5 mol L-1 seed layer. However, only the (002) peak 

was observed in the case of the 0.25 mol L-1 seed layer, indicating a better orientation of the 

ZnO seed films (perpendicular to the substrate, see Chapter 1, Figure 1.1). According to Kang 

et al. [1], a well-oriented seed layer should lead to a better orientation of ZnO nanowires 

along the c-axis. 
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Figure 2.12. XRD spectra of ZnO NWs using precursor solutions with concentration of 

Zn(CH3COO)2 equal to (▬) 0.1 mol L-1, (▬) 0.25 mol L-1 and (▬) 0.5 mol L-1. 

  

ESEM microscopy was then used to characterise the NWs grown on these different seeds. 

Figure 2.13 shows top and side views of NWs grown on the seeds obtained with 5 × 10-

 3 mol L - 1 (Figure 2.13a and Figure 2.13b), 0.1 mol L-1 (Figure 2.13c and Figure 2.13d), 0.25 

mol L-1 (Figure 2.13 and Figure 2.13f) and 0.5 mol L-1 (Figure 2.13g and Figure 2.13h) of 

Zn(CH3COO)2 precursor concentrations. Seed solutions with a precursor concentration of 0.1 

and 0.5 mol L-1 provided thicknesses (NW length) of 5.1 and 5.2 μm, respectively. However, 

an intermediate concentration of 0.25 mol L-1of Zn(CH3COO)2 produced ZnO NWs with a 

length of 4.5 μm, and a concentration of 5 × 10-3 mol L-1 gave rise to a NW length of 3.7 µm. 

The high density of the NW does not allow to differentiate which concentration leads to the 

best orientation. O’Brien et al. [26] and Rao et al. [27] have shown that the orientation of 

ZnO seed layers strongly depends on the zinc precursor concentration and deteriorates when 

the concentration increases from 0.3 to 0.6 mol L-1. The precursor concentration of 0.25 

mol L-1, leading to seed layers oriented perpendicular to the c-axis, was chosen in the next 

sections, devoted to the study of the influence of the seed layer calcination temperature on the 

morphology of the final ZnO NWs. 
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Figure 2.13. ESEM images of ZnO NWs obtained using seed solution with various precursor 

concentration. (a) Top view and (b) side view obtained for 5 × 10-3 mol L-1; (c) Top view and 

(d) side view obtained for 0.1 mol L-1; (e) Top view and (f) side view obtained for 0.25 mol L-

 1; (g) Top view and (h) side view obtained for 0.5 mol L-1. 

  

2.3.4. Influence of the calcination temperature of the seed layer 

This section is dedicated to the study of the calcination temperature of the seed layer, as 

described in section 2.2.4.  

The effect of calcination temperature was evaluated for the seed prepared with a 

Zn(CH3COO)2 concentration of 0.25 mol L-1. Four temperatures were studied: 200, 300, 
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400 °C and 650 ºC. As previously described, crystalline ZnO presents a transmission band in 

UV-visible spectra characterised by a decrease in the transmission signal at a wavelength of 

380 nm. Figure 2.14a shows the thickness of the different seed layers after calcination. As the 

thickness values are close to each other, it has no influence on the UV spectra.  Figure 2.14b 

shows the transmittance spectra of ZnO seed layer calcined at 200, 300, 400 and 650 °C. One 

observes that transmittance decreases with the increase of the temperature.  

 

 

Figure 2.14. (a) Thickness measurements by profilometry and (b) UV-visible transmission 

spectra of ZnO seed layers calcined at (▬) 200 ºC, (▬) 300 ºC, (▬) 400 ºC and (▬) 650 ºC; 

(▬) substrate. 

 

The XRD patterns (Figure 2.15) show the evolution of the crystallinity of the seed layer 

calcined at 200, 300, 400 and 650 °C. Only the (002) peak, corresponding to the desired c-

axis orientation, is observed for a calcination temperature of 400 °C. This seed film thus 

exhibits preferred orientation perpendicular to the substrate surface compared to seed films 

treated at other calcination temperatures. However, there is an inconsistency in the results 

when comparing XRD and UV-visible characterisation methods. In XRD, the diffractogram 

corresponding to a seed calcination at 400 °C exhibits a higher crystallinity than a seed 

calcination at 650 °C. In UV-visible, a calcination at 650 °C leads to more pronounced 

absorption by the seed than a calcination at 400 °C, which can be associated with a higher 

crystallinity of the seed layer [21]. Kim et al. have shown that, when the thermal pre-

treatment is too high above 300 °C, the vaporisation of the solvents and the thermal 

decomposition of zinc acetate occur abruptly and simultaneously with crystallisation, 
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disturbing the preferential growth [28]. Here, the thermal decomposition does not take place 

during the thermal pre-treatment as 100 °C is too low, and the thermal decomposition takes 

place during the final calcination. Thus, a final calcination at 650 °C could be too high to 

avoid disturbance of the preferential orientation of the seed. 

 

 

Figure 2.15. XRD diffractogram of ZnO seed layers calcined at (▬) 200 ºC, (▬) 300 ºC, (▬) 

400 ºC and (▬) 650 ºC. 

 

The calcination temperature process of the seed layer plays a key role in the growth, 

organisation and orientation of ZnO NWs. It is shown that each deposition process has an 

upper limit in temperature above which the loss of orientation is observed [5, 29]. This leads 

to the conclusion that an optimal range of temperature exist; this range certainly depends on 

the seed synthesis process. For example, using another seed recipe, Kim et al.[28] obtained an 

optimal range of calcination temperature, where preferential crystallisation can occur, 

between 200 and 300 °C. The impact of the temperature on the NW morphology was observed 

by environmental scanning electron microscopy. Figure 2.16 shows the top and side views of 

the synthesised NWs obtained on seed layers calcined at 200, 300, 400 and 650 ºC. The NWs 

present a diameter of 0.3 µm for a calcination of the seed at 200 °C (Figure 2.16a), a value of 

0.4 µm at 300 °C (Figure 2.16b), and a value of 0.5 µm at 650 °C (Figure 2.16d). When the 

seed is calcined at 400 °C, the NWs are so close to each other that they almost form a 

continuous film and the diameter could not be evaluated (Figure 2.16c). The diameter of the 

NWs increases when the calcination temperature increases. This phenomenon was also 

reported by Ohyama et al.[5, 30] 
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NW length tends to increase with the seed calcination temperature. Seed layers calcined at 

200 ºC give rise to slightly less oriented NWs with a length of 2.8 ± 0.05 μm (Figure 2.16e). 

The samples presented a length of 3.7 ± 0.1 μm at the intermediate temperature of 300 ºC 

(Figure 2.16f), 3.5 ± 0.1 μm at 400 ºC (Figure 2.16g) and 4 µm ± 0.1 μm at 650 °C (Figure 

2.16h).  

 

Figure 2.16. ESEM images of ZnO NWs obtained from seed layers calcined at (a) 200 ºC, (b) 

300 ºC, (c) 400 °C, (d) 650 ºC (top views) and (e) 200 ºC, (f) 300 ºC, (g) 400 ºC, (h) 650 °C 

(side views). Pictures of ZnO NW film aspect after growth for seed calcined at (i) 200 °C, (j) 

300 °C, (k) 400 °C and (l) 650 °C. 

 

According to Podlogar et al.[6], ZnO NWs can grow perpendicular to the substrate even if, 

close to the seed layer, ZnO NWs grow in all directions (Figure 2.17 random nucleation). 

When the density of grains in the ZnO seed layer is sufficiently large, NWs growing inclined 

to the substrate surface collide with each other and their growth is stopped due to 
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impingement with neighbouring NWs, as shown in Figure 2.17 (spatial confinement) [6]. 

Here, these two growth phases (first, NWs randomly oriented and, second, NWs aligned and 

perpendicular to the surface) can also be observed. The part at the bottom of the NW array 

shows rather randomly oriented NWs for all samples except the one calcined at 400 °C as, at 

the bottom (Figure 2.16g), the NWs adopt the orientation of the seed grain (oriented 

perpendicular to substrate) on which they grow. The upper region of the NWs array shows the 

ZnO NWs growing more or less oriented perpendicular to the substrate due to spatial 

confinement, the better orientation being observed on the seed calcined at 400 °C (Figure 

2.16g). 

The pictures of the substrates in Figure 2.16 show the NWs film aspect after growth. We can 

see that a seed layer calcined at 200 °C or 650 °C gives rise to an opaque ZnO NW film, 

while a transparent ZnO NW film is obtained when the seed layer is calcined at 300 °C and 

400 °C. According to Ohyama et al.[5], the transparency of the NWs film is linked to the 

good orientation of the film.  

 

Figure 2.17. Evolution of the NW growth mechanism. Reproduced from reference [6]. 

 

2.3.5. Influence of the number of layers 

According to Ji et al. [4], a thicker seed layer leads to a better orientation and crystallinity of 

the NWs. The number of layers was thus progressively increased (section 2.2.5) in order to 

increase the thickness of the seed and, possibly, improve the NW orientation. According to 

the previous results (section 2.3.3), the precursor solution concentration of 0.25 mol L-1 was 
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used to deposit one seed coating with a thermal pre-treatment at 100 °C followed by a 

calcination at 650 °C and three seed coatings with a thermal pre-treatment at 100 °C of each 

layer deposited, followed by a final calcination at 650 °C. The seeds were characterised by 

profilometry, XRD, and UV-visible spectroscopy. Note that the experiments of section 2.3.5 

were carried out in parallel with experiments of section 2.3.4 ; therefore, the same calcination 

temperature as section 2.3.3 was used instead of the optimum temperature determined in 

section 2.3.4, i.e. 400 °C. 

 

Figure 2.18. Thickness of the seed layer for one and three coatings, pre-treated at (◼) 100 °C 

and () 350 °C followed by a calcination at 650 °C. Measurement performed using 

profilometry. 

 

Figure 2.18 shows the final seed thickness obtained for one or three successive coatings, 

thermal pre-treatment of either 100 °C or 350 °C between each deposit and a final treatment at 

650 °C. The deposition of one and three layers with a thermal pre-treatment of 100 °C does 

not lead to an increase of the thickness: both results are included in each other’s standard 

deviation. The optimum thermal pre-treatment and calcination temperature varies with the 

precursor solution composition. In any case, the intermediate thermal treatment temperature 

should be higher than the boiling point of ethanol and ethanolamine, and close to the 

crystallisation temperature of ZnO [28]. According to Greene et al. [3], zinc acetate thermally 

decomposes into ZnO nanoparticles at 200-300 °C. Below that temperature range, it can thus 

be supposed that the non-crystallised zinc salts of the previous coating dissolve in the 

precursor solution, when the substrate is introduced for the second coating. The temperature 

of 100 °C is not sufficient to form an adherent ZnO seed onto the substrate. Therefore, the 

thermal pre-treatment was increased to 350 °C in order to ensure the total decomposition of 
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zinc acetate and its adhesion onto the substrate. The thickness for one layer deposited is 75 

nm for thermal pre-treatment at 100 °C and 50 nm for a pre-treatment at 350 °C (Figure 2.18); 

this difference is probably due to the evaporation of the acetate precursors at 350 °C when 

decomposed into ZnO nanoparticles. Thus, calcination at 350 °C between each deposition 

step leads to an increase of the thickness from 50 nm (one coating) to 115 nm (three coatings). 

For one layer, the XRD diffractogram in Figure 2.19a shows a thin and intense peak at 2θ = 

34.5°, corresponding to the (002) plane, when the pre-treatment is made at 350 °C instead of 

100 °C; this indicates a better crystallinity and a preferential orientation perpendicular to the 

substrate. As the thermal decomposition temperature of zinc acetate is 240 °C, and the 

crystallisation of the ZnO seed layer begins at about 250 °C, thermally pre-treating at 100 °C 

is too low to expect a preferential orientation perpendicular to the substrate [28]. When three 

layers are deposited, the XRD diffractogram in Figure 2.18b shows an intense (002) peak, 

which again hints at preferential orientation along the c axis (i.e. perpendicular to the 

substrate). 

 

 

Figure 2.19. (a) Diffractograms comparing two different heating procedures for one coating 

deposited; coating thermally pre-treated at 100 °C (▬) or 350 °C (▬) followed by a final 

calcination at 650 °C; (b) Diffractogram comparing one coating (▬) and three coatings (▬) 

thermally pre-treated at 350 °C, followed by a calcination at 650 °C. 

 

In the UV-visible characterisation, a higher transmittance is observed for a sample thermally 

pre-treated at 350 °C than for that pre-treated at 100 °C (Figure 2.20a). As explained before, 

the UV-visible characterisation is sensitive to both the thickness and the crystallinity of the 

film. The fact that the thickness of the seed thermally pre-treated at 100 °C is higher could 
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explain why the lower thermal pre-treatment gives rise to more absorption, despite a lower 

crystallinity.  

 

Figure 2.20. UV-visible characterisation of the seed layer on (▬) glass substrate as reference. 

(a) One coating thermally pre-treated at 100 °C (▬) or 350°C (▬) followed by a final 

calcination at 650 °C; (b) Comparison of one coating (▬) and three coatings (▬) thermally 

pre-treated at 350 °C, followed by a calcination at 650 °C. 

 

The UV-visible characterisation shows a higher absorption when three successive coatings 

instead of one are deposited (Figure 2.20b); results presented concern samples with 

intermediate heat treatment at 350 °C. This is consistent with other measurement techniques 

as both thickness (profilometer) and crystallinity (XRD) increase with the number of coatings. 

To sum up, the results show that an intermediate heat treatment at 350 °C followed by a final 

calcination at 650 °C made it possible not only to increase the thickness in the case of 

multiple coating deposition, but also to increase the final seed crystallinity and to obtain a 

clear preferential orientation along the c-axis.  
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Figure 2.21. ESEM images for seeds made with one layer or three layers. (a) One seed layer 

with a thermal pre-treatment at 350 °C for 20 min followed by a calcination at 650 °C for 

20 min; (b) top view and (c) side view of the NWs obtained after growth; (d) Three seed 

layers with an intermediate thermal treatment at 350 °C for 20 min between each deposit, 

followed by a final calcination at 650 °C for 20 min; (e) top view and (f) side view of the 

NWs obtained after growth. 

 

Figure 2.21a shows one dip-coated seed layer with a thermal pre-treatment of 350 °C for 20 

min followed by a calcination at 650 °C for 20 min. The ESEM image shows the aspect of the 

seed layer, where it is possible to see the ZnO nanoparticles and, in some areas, the beginning 

of NW growth, emerging from the seed film. Figure 2.21b and Figure 2.21c show the top 

view and side view of the NWs grown on the seed layer presented in Figure 2.21a. The 

density of the NWs is significant, their diameter is about 0.6 µm, and their length is 4.5 µm.  

In Figure 2.21d, the seed layer with three successive depositions and intermediate heat 

treatments at 350 °C shows dense nanoparticles on the surface, which leads to dense and close 

nanowires. Figure 2.21e and Figure 2.21f show the top view and side view of the NWs grown 

on the seed layer presented in Figure 2.21d. It is difficult to determine whether the NWs have 

a better orientation or not due to the high density of the material for both one layer and three 

layers. Due to the high density of NWs for three layers, it is not possible to determine the 

diameter of the nanowires, while the sample length is about 4.8 µm. By increasing the number 

of seed layers, the NWs grow in a denser array and it seems that there is no impact on the NW 

length. 
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2.3.6. Influence of the calcination procedure on the seed layer 

As the objective is to build a low temperature process in order to be able to produce 

piezoelectric nanogenerators based on ZnO NWs grown on flexible substrates, the next step 

was to reduce the final calcination temperature (as presented in section 2.2.4). In section 

2.3.4, it was shown that a calcination temperature of the seed layer between 300 and 400 °C 

can lead to well aligned NWs. The following study was about growing ZnO NWs on a seed 

calcined at a temperature lower than 650 °C. To reduce the process time, the prolonged 

thermal pre-treatment in one continuous step has been tested. This part of the study consists 

thus in (i) the deposition of a precursor solution (0.25 mol L-1) by dip-coating, followed by (ii) 

a continuous calcination at 350 °C, carried out for 20, 40, 60 or 80 min. The deposition of 

several layers was also studied with an intermediate heat treatment of 20 min at 350 °C 

between each layer, followed by a final calcination step of 20 min at 350 °C.  

In UV-visible, crystalline ZnO exhibits an absorption peak at 380 nm. As presented in Figure 

2.22a, modifying the duration of the calcination at 350 °C does not induce any difference in 

absorption spectra. Figure 2.22b shows the XRD diffractograms of the same seeds: no 

crystalline peak appears, whatever the duration of the calcination at 350 °C. The fact that the 

vaporisation of the solvents and the thermal decomposition of zinc acetate occur 

simultaneously with crystallisation could possibly disturb the preferential growth [28], and 

lead to badly crystallised samples. 

 

Figure 2.22. (a) UV-visible transmittance of the seed layers on (▬) glass substrate as 

reference and (b) XRD diffractograms for seeds calcined at 350 °C for different times (▬) 20 

min, (▬) 40 min, (▬) 60 min and (▬) 80 min. 
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As a continuous calcination at 350 °C does not lead to a well-crystallised seed, a second type 

of thermal treatment was tested. It consisted in two calcination steps at 350 °C for 20 min 

with a cooling phase in-between. The comparison between the continuous (40 min at 350 °C) 

and two-step (2 times 20 min at 350 °C) calcination is presented in Figure 2.23a (UV-visible 

characterisation) and Figure 2.23b (XRD). 

In UV-visible, there is no difference between the two types of treatments. UV-visible is a 

thickness dependant method, the sensitivy of the method regarding thickness is greater in our 

case. However, X-ray diffraction shows that discontinuous calcination has a strong influence 

on the crystalline state of the seeding layer. A discontinuous calcination at 350 °C with 

intermediate cooling to room temperature (20 min + 20 min) exhibits the crystalline peak of 

preferential orientation along the c-axis (002), while no peak is visible during a continuous 

calcination at 350 °C (40 min). According to these results, it is necessary to carry out a 

cooling step to obtain a seed layer oriented along the c axis (002). 

 

 

Figure 2.23. (a) UV-visible spectra and (b) XRD diffractogram of on-layer seed after (▬) 40 

min continuous heat treatment at 350 °C and (▬) 2 × 20 min of heat treatment at 350 °C with 

intermediate cooling. 

 

In Figure 2.24, we compare one deposited seed layer with two calcination steps at 350 °C for 

20 min and a cooling phase in-between and three deposited seed layers with calcination steps 

at 350 °C for 20 min between each layer deposited and a final calcination at 350 °C for 20 

min. The seed layers were characterised by UV-visible and XRD. The UV-visible 

characterisation in Figure 2.24a shows a higher absorption when three coatings instead of one 
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are deposited. When three layers are present, the XRD diffractogram in Figure 2.24b shows 

an intense (002) peak, characteristic of an orientation of the seed layer along the c-axis. 

 

 
Figure 2.24. (a) UV-visible spectra of the seed for one coating (▬) and three coatings (▬) 

deposited with a calcination procedure of 2 × 20 min at 350 °C with intermediate cooling, 

substrate as reference (▬); (b) XRD diffractogram of the seed layer for one coating (▬) and 

three coatings (▬) deposited with a calcination procedure of 2 × 20 min at 350 °C with 

intermediate cooling. 

 

After characterising the seed layers, growth was achieved on seeds that were heat treated 2 × 

20 min at 350 °C with an intermediate cooling. Growth was performed for one and three 

deposited seed layers. ESEM pictures are shown in Figure 2.25. As the NW layer is dense in 

each case, it is unfortunately not possible to tell if the nanowires are better oriented in the case 

of three seed layers, as one would expect because of the better seed orientation (see Figure 

2.24). 
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Figure 2.25. ESEM pictures of ZnO NWs grown on seed layers with an intermediate thermal 

treatment at 350 °C for 20 min, followed by a calcination step at 350 °C for 20 min. (a) Top 

view and (c) side view of the NWs grown on one seed layer coating; (b) top view and (d) side 

view of the NWs grown on three successive seed layer coatings. 

 

2.3.7. NW growth  process using zinc nitrate and zinc sulphate 

The present results highlight the different process variables that impact the seed layer 

orientation. However, the high density of the NWs obtained under the chosen growth 

conditions hides the influence of the optimised seed layer on growth. A different growth 

process has been used to reduce the density of the NWs and thus to see the influence of the 

optimised seed layer. According to Kokotov et al. [13, 31], the growth of the NWs using zinc 

nitrate as precursor leads to thinner nanowires with a pencil tip shape at the end of the 

nanowire, while zinc sulphate leads to hexagonal flat-ended NWs. In order to obtain thinner, 

spaced, flat ended NWs, a growth solution was prepared from a mixture of a zinc nitrate 

(25%) and zinc sulphate (75%), as detailed in section 2.2.7.2 . This growth solution has been 

optimised by a researcher from the laboratory within a study parallel to the present work. The 

use of a mixture of zinc salts optimises the growth of NWs, i.e. enables controlling the length, 
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diameter and density of the nanowires. The NWs were grown on the seed layer; this seed 

layer was prepared using the procedure in section 2.2.6. It can be seen (Figure 2.26) that, with 

a mixture of zinc precursors, one obtains less dense NWs with smaller diameter (75 nm) and 

shorter length (3-4 µm). Whatever the number of seed layers (one or three), the NWs are 

spaced from each other (Figure 2.26). One also observes that the NWs are well oriented along 

the c-axis, with a slightly better orientation for the three-layer seed (Figure 2.26c and Figure 

2.26d). This final result fully confirms the optimisation of the seed layer and its impact on the 

final ZnO NW morphology. 

 

 

Figure 2.26. ZnO NWs grown using zinc salt mixture (25% zinc nitrate and 75% zinc 

sulphate), on a seed layer; the seed layer (1 or 3 deposits) was prepared following the 

procedure of section 2.2.6. Seed layer made of one deposit calcined 2 × 20 min at 350 °C: (a) 

top view showing the morphology of the NWs and (b) side view. Seed layer made of three 

deposits calcined 2 × 20 min at 350 °C: (c) top view showing the morphology of the NWs and 

(d) side view. 

 

 

2.4. Conclusions 

The seed layer of the ZnO NW array has been optimised in order to improve the 

reproducibility and the homogeneity of the NWs after growth. The deposition method of the 
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seed layer, the precursor solution concentration, as well as the thermal treatment of the seed 

have been studied. Dip-coating was preferred to spin-coating as deposition technique as it is a 

low cost, scalable and reproducible method that leads to homogeneous coating.  

In this study UV-visible characterisation method was used as an additional technique to XRD 

measurement to evaluate the crystalline quality of the seed layer. However this technique is 

thickness sensitive, in our case the influence of the thickness is probably higher. It is therefore 

preferable to refer to the XRD analysis. 

From the results obtained, it is concluded that it is possible to obtain a well oriented seed layer 

if the deposit is made from an equimolar solution of Zn(CH3COO)2.2H2O and ethanolamine 

with a concentration of 0.25 mol L-1. It was shown that the heating procedure consisting in a 

thermal pre-treatment step followed by the calcination of the seed layer has a strong influence 

on the orientation of the ZnO NWs. On the one hand, an intermediate calcination temperature 

of the seed at 350 °C instead of 100 °C made it possible to increase the thickness in the case 

of multilayer deposits by avoiding the redissolution of the precursors. On the other hand, the 

increase of the temperature of the thermal pre-treatment significantly improves the 

crystallinity of the layer by converting the precursors into ZnO.  

In this study, the results have also shown that a thermal pre-treatment step of the seed, 

consisting in a step at 350 °C for 20 min, followed by a calcination step of 650 °C leads to a 

an orientation of the seed layer along the c-axis. This process leads to well-oriented NWs as a 

seed layer with oriented nanoparticles allows better oriented growth of ZnO NWs. However, 

650 °C is too high to consider most flexible supports. So, the next question was whether it 

was possible or not to decrease the maximum temperature of the thermal treatments. The 

optimised “low temperature” seed process developed finally consists in (i) the deposition of 

the ZnO precursors (0.25 mol L- 1) by dip coating followed by (ii) two successive calcination 

steps at 350 °C for 20 min. This process is suitable for several organic substrates used for 

building flexible nanogenerators, such as e.g. Kapton®FN from DuPont™, which is a 

polyimide material with a maximum thermal stability of 400 °C. The adhesion and 

homogeneity of ZnO deposits should be characterised when the substrate is modified. 

Finally, by combining the optimised seed process and the modified growth process using a 

solution containing both zinc nitrate and zinc sulphate, as developped by a senior researcher 

of the NCE laboratory, it was possible to obtain well oriented separate NWs. In the next 

chapter, the assembly and characterisation of such NW arrays as piezoelectric nanogenerator 

will be described.  

 



76 

 

 

References 

  

1.  Y. H. Kang, C. G. Choi, Y. S. Kim, J. K. Kim, Influence of seed layers on the vertical 

growth of ZnO nanowires. Mater. Lett. 63, 679–682 (2009). 

2.  J. Song, S. Lim, Effect of seed layer on the growth of ZnO nanorods. J. Phys. Chem. C. 

111, 596–600 (2007). 

3.  L. E. Greene, M. Law, D. H. Tan, M. Montano, J. Goldberger, G. Somorjai, P. Yang, 

General route to vertical ZnO nanowire arrays using textured ZnO seeds. Nano Lett. 5, 

1231–1236 (2005). 

4.  L. W. Ji, S. M. Peng, J. S. Wu, W. S. Shih, C. Z. Wu, I. T. Tang, Effect of seed layer 

on the growth of well-aligned ZnO nanowires. J. Phys. Chem. Solids 70, 1359–1362 

(2009). 

5.  M. Ohyama, H. Kozuka, T. Yoko, Sol-gel preparation of ZnO films with extremely 

preferred orientation along (002) plane from zinc acetate solution. Thin Solid Films 

306, 78–85 (1997). 

6.  M. Podlogar, D. Vengust, J. J. Richardson, M. Strojnik, M. Mazaj, G. Trefalt, N. 

Daneu, A. Rečnik, S. Bernik, Parametric study of seed-layer formation for low-

temperature hydrothermal growth of highly oriented ZnO films on glass substrates. 

Phys. Status Solidi A 210, 1083–1092 (2013). 

7.  N. Hoffmann, P. G. Jones, R. Streubel, Intramolecular [3+2] cycloaddition of a 

nitrilium phosphane ylide complex to the P-phenyl group of a Wittig ylide. Angew. 

Chemie - Int. Ed. 41, 1186–1188 (2002). 

8.  S. Baruah, A. E. J. Dutta, Effect of seeded substrates on hydrothermally grown ZnO 

nanorods. J. Sol-Gel Sci. Technol. 50, 456–464 (2009). 

9.  J. B. Cui, C. P. Daghlian, U. J. Gibson, R. Püsche, P. Geithner, L. Ley, Low-

temperature growth and field emission of ZnO nanowire arrays. J. Appl. Phys. 97, 1–7 

(2005). 

10.  M. T. Spitler, in Journal of the American Chemical Society, M. Dekker, Ed. (American 

Chemical Society, New York and Basel, 2003), vol. 125, pp. 6836–6837. 

11.  K. Kakaei, M. D. Esrafili, A. Ehsani, in Graphene surfaces - Particles and catalysts 

(Elsevier, Amsterdam, 2019), vol. 27, pp. 303–337. 

12.  I. A. Neacşu, A. I. Nicoară, O. R. Vasile, B. Ş. Vasile, in Nanobiomaterials in Hard 



77 

 

Tissue Engineering: Applications of Nanobiomaterials (Elsevier, Bucarest, 2016), pp. 

271–295. 

13.  M. Kokotov, G. Hodes, Reliable chemical bath deposition of ZnO films with 

controllable morphology from ethanolamine-based solutions using KMnO4 substrate 

activation. J. Mater. Chem. 19, 3847–3854 (2009). 

14.  J. J. Richardson, F. F. Lange, Controlling low temperature aqueous synthesis of ZnO. 

Cryst. Growth Des. 9, 2570–2575 (2009). 

15.  M. Kokotov, S. Bar-Nachum, E. Edri, G. Hodes, Effect of glass dissolution on the 

solution deposition of ZnO films and its exploitation for deposition of Zn silicates. J. 

Am. Chem. Soc. 132, 309–314 (2010). 

16.  P. M. Martin, in Handbook of Deposition Technologies for Films and Coatings, P. M. 

Martin, Ed. (Elsevier, Third Edit., 2010), pp. 93–134. 

17.  S. Guillemin, E. Appert, H. Roussel, B. Doisneau, R. Parize, T. Boudou, G. Bremond, 

V. Consonni, Controlling the structural properties of single step, dip coated ZnO seed 

layers for growing perfectly aligned nanowire arrays. J. Phys. Chem. C. 119, 21694–

21703 (2015). 

18.  L. Znaidi, Sol-gel-deposited ZnO thin films: A review. Mater. Sci. Eng. B 174, 18–30 

(2010). 

19.  L. Znaidi, R. L. E. Guennic, C. Sanchez, A. Kanaev, Elaboration of ZnO thin films 

with preferential orientation. J. Sol-Gel Sci. Technol. 26, 817–821 (2003). 

20.  L. Znaidi, G. J. A. A. S. Illia, S. Benyahia, C. Sanchez, A. V Kanaev, Oriented ZnO 

thin films synthesis by sol – gel process for laser application. Thin Solid Films 428, 

257–262 (2003). 

21.  P. Sagar, P. K. Shishodia, R. M. Mehra, H. Okada, A. Wakahara, A. Yoshida, 

Photoluminescence and absorption in sol-gel-derived ZnO films. J. Lumin. 126, 800–

806 (2007). 

22.  D. Poelman, P. F. Smet, Methods for the determination of the optical constants of thin 

films from single transmission measurements: a critical review. J. Phys. D: Appl. Phys. 

36, 1850–1857 (2003). 

23.  S. A. Kamaruddin, K. Y. Chan, H. K. Yow, M. Zainizan Sahdan, H. Saim, D. Knipp, 

Zinc oxide films prepared by sol-gel spin coating technique. Appl. Phys. A 104, 263–

268 (2011). 

24.  S. R, Determination of the thickness and optical constants of amorphous silicon. J. 

Phys. E 16, 1214 (1983). 



78 

 

25.  T. Prasada Rao, M. C. Santhoshkumar, Effect of thickness on structural, optical and 

electrical properties of nanostructured ZnO thin films by spray pyrolysis. Appl. Surf. 

Sci. 255, 4579–4584 (2009). 

26.  S. O. Brien, L. H. K. Koh, G. M. Crean, ZnO thin films prepared by a single step sol – 

gel process. Thin Solid Films 516, 1391–1395 (2008). 

27.  J. Rao, R. J. Winfield, L. H. K. Koh, S. O’Brien, G. M. Crean, Patterned transparent 

zinc oxide films produced by sol-gel embossing. Phys. Status Solidi A 205, 1938–1942 

(2008). 

28.  Y. Kim, W. Tai, S. Shu, Effect of preheating temperature on structural and optical 

properties of ZnO thin films by sol – gel process. Thin Solid Films 491, 153–160 

(2005). 

29.  J. Lee, K. Ko, B. Park, Electrical and optical properties of ZnO transparent conducting 

films by the sol – gel method. J. Cryst. Growth 247, 119–125 (2003). 

30.  M. Ohyama, H. Kozuka, T. Yoko, S. Sakka, Preparation of ZnO films with preferential 

orientation by sol-gel method. J. Ceram. Soc. Jpn. 104, 296–300 (1996). 

31.  M. Kokotov, A. Biller, G. Hodes, Reproducible chemical bath deposition of ZnO by a 

one-step method: The importance of “contaminants” in nucleation. Chem. Mater. 20, 

4542–4544 (2008). 

 

  



79 

 

Chapter 3. Applications of ZnO nanowires 

3.1 Introduction 

The first chapter of this thesis was focused on the study of the growth kinetics of the ZnO 

nanowires (NWs). A combined process consisting in the deposition of a seed layer, followed 

by the NW growth using chemical bath deposition (CBD), was used to synthesise the NWs. 

The process reached a maximum growth speed of 70 nm min-1, which is suitable for large-

scale manufacturing, as the target was 20 nm min-1. Since it was complicated to obtain high 

quality, well-aligned NWs in a reproducible manner, the second chapter was devoted to the 

study of the seed layer deposition and its thermal treatment to obtain homogeneous ZnO NW 

growth. The results have shown that it was possible to obtain well oriented seed layers, using 

an equimolar solution of Zn(CH3COO)2.2H2O and ethanolamine at 0.25 mol L-1, followed by 

two successive calcination steps at 350 °C for 20 min. Finally, the work of a senior researcher 

of the NCE laboratory made it possible to obtain separate NWs, via an optimised growth 

process using a mix of zinc nitrate and zinc sulphate precursors. The results of the first and 

second chapters, combined with the parallel work of the senior researcher of the NCE lab 

active in the same research field in the EnSO project, finally led to well-aligned and separate 

NWs. 

In this chapter, we report two applications of the ZnO NWs developed during this PhD thesis.  

The first application consists in the assembly and characterisation of NWs as piezoelectric 

nanogenerators. The work (section 3.2) deals with the growth of NWs on an appropriate 

support, the nanogenerator assembly, and the impact of the NW properties on the 

nanogenerator performances. It must be noted that the reported results were obtained from 

samples (i) grown on specific substrates sent by the Greman laboratory in Tours (France) in 

the context of the EnSO project and (ii) prepared and characterised by the senior researcher. 

The samples were then sent back to the Greman laboratory for assembly and testing as 

piezoelectric generator. It however could not include the study of the fully optimised NW 

deposits, since the topic was stopped after two years of research. In fact, the nanogenerators 

presented here were assembled and characterised while results of Chapter 2 were obtained. 

The main contribution of the current thesis author lies thus somewhat upstream from that 

study, i.e. in the participation to the growth kinetics and seed optimisation study as described 

in Chapters 1 and 2. The short report presented here aims at showing where the research 

ended up, and highlighting the usefulness of the NWs synthesis study, at a global scale. 
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The second application consists in testing the activity of the NWs for the photocatalytic 

degradation of various molecules (often pollutants) in water; indeed, one of the main research 

topics of the NCE laboratory is photocatalysis [1], and ZnO NWs are reported by literature as 

good materials for that kind of application. Therefore, it was interesting to get an insight into 

the performance of the obtained NWs for this application. The second part of the Chapter 

(section 3.3) is thus devoted to the measurement of the photocatalytic activity of ZnO NW 

arrays for the degradation of H2O2. Measurement and analysis were performed in 

collaboration with another PhD student of the NCE group. 

 

3.2 ZnO NWs as nanogenerators 

3.2.1 Introduction 

Within the framework of the EnSO project, it was considered to produce piezoelectric 

nanogenerators (NG) from ZnO NWs. These NGs would use the energy resulting from 

mechanical stress on the ZnO NWs to convert it into electricity (piezoelectric effect), in order 

to power Li-metal microbatteries by providing a potential of 4.2 V and a power in the range of 

1 μW cm-2. Due to a lack of time, the nanogenerator performances of the NWs previously 

optimised in Chapter 2 could unfortunately not be tested. This work results from a 

collaboration with the Greman laboratory (Tours, France). While the NCE laboratory of the 

ULiège was in charge of synthesising the NW arrays, the Greman laboratory was in charge of 

the NG set-up and the development of a test bench for the characterisation of NWs as 

nanogenerators.  

The NG consists of four components: (i) the bottom electrode, (ii) the piezoelectric material 

(ZnO NWs), (iii) an insulating layer and (iv) the top electrode (Figure 3.1). Moreover, wires 

are attached to the bottom and top electrode of the NG. The bottom electrode is made of a 

metal that allows the current from the piezoelectric material to pass through. Contrarily to the 

previous chapters, the substrate used here was made of gold deposited on silicon (Au/Si) by 

sputtering; those supports were provided directly by the Greman laboratory.  

The piezoelectric properties of ZnO NWs is due to their crystalline asymmetry [2], which 

leads to the change in position of the atoms during deformation, and induces the appearance 

of an electric dipole along the NW. The semiconducting property of ZnO contributes to the 

formation of a low electrical potential and allows the power supply of microbattery storage 

systems. To manufacture the NG, an insulating layer is added around and between the ZnO 
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NWs as well as between the ZnO and the top electrode. This insulating layer prevents the 

NWs from touching each other when they are compressed, thus, electrically isolates the NWs 

from each other. The insulating material also serves as a buffer layer protecting NWs from 

intimate interaction with the electrode. This also improves the mechanical strength of the NW 

system. This greatly enhances the NG efficiency as the applied force can then be transferred 

to all NWs even though they vary in length. Moreover, the insulating layer prevents extrinsic 

screening due to the top electrode. It means that the insulating polymer layer provides an 

infinite potential barrier, preventing the induced electrons in the electrodes from “leaking” 

through the ZnO/metal interface. 

Finally, the top electrode is composed of a metal which causes the leakage current through the 

metal/semiconductor interface and provides extrinsic screening. In case of direct contact 

between the electrode and the piezoelectric material, weak electrical conduction occurs, which 

limits the performance of the NG. This contact should therefore be prevented with the 

insulating layer. 

 

 

Figure 3.1. Scheme of the configuration of ZnO nanogenerators. 

 

As explained previously, when a mechanical stress is applied onto piezoelectric ZnO NWs, 

one observes a relative displacement of cations (Zn2+) and anions (O2-) along the direction of 

strain, which results in the generation of piezopotential, as presented in Figure 3.2. Positive 

net charges can be assumed at the top of ZnO NWs, with the corresponding negative charges 

on the top electrode surface. The capacitance associated with the ZnO-Au interface ensures 

that the bottom electrode is net positive. With these conditions, periodically bending and 

releasing the NG will generate an alternating voltage that can be detected across a resistive 

load. 
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Figure 3.2. Scheme of the working NGs [2]. 

 

The performances of the NG depend on the length, diameter and density of the NW arrays. 

Hinchet et al. [3] determined the influence of NW density, length and diameter on the 

performance of nanogenerators by modelling NW compression. However, this modelling does 

not take into account the presence of free charges in the NWs which originate from structural 

defects along the NWs. To measure the influence of the NW density, a ratio parameter R was 

defined as the NW diameter (D) divided by the core cell (diameter or the NWs + surrounding 

polymer) width (W), representing the NW density. A ratio R = 1 corresponds to a high NW 

density (4 × 1010 cm−2) and R = 0.1 to a low NW density (4 × 108 cm−2). Figure 3.3a and 

Figure 3.3b show the computed mechanical energy and electrical energy of the NG core cell 

as a function of NW density. On the one hand, the results show that low density allows better 

transfer of the mechanical stress applied to the system to the NWs; that transfer is done 

through the polymer surrounding the NWs (Figure 3.3a). On the other hand, low density 

implies less NW to transform mechanical energy into electrical energy (piezoelectric effect). 

Therefore an optimal ratio R, corresponding to an optimum density of NWs, leads to a 

maximum of energy (mechanical and electrical) generated [3] (Figure 3.3b).  
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Figure 3.3. Effect of the NW density (in terms of R = D/W ratio) on the NG properties: (a) 

strain energy, (b) electrical energy of NG core cell using different top insulating materials: 

PMMA, SiO2, Al2O3, and Si3N4. Effect of the length and diameter on the NG properties on (c) 

strain energy and (d) electrical energy as a function of NW diameter at constant length 

L = 600 nm and as a function of NW length at constant radius r = 50 nm. Reproduced from 

[3]. 

 

The aspect ratio of the NWs, defined as the length to diameter ratio, L/D, also has a 

significant impact on the NG performance, as shown by Hinchet et al. [3]. For a given NW 

length of L = 600 nm, the diameter D was increased from 24 to 2400 nm, which led to the 

decrease of the NW aspect ratio (L/D) from 25 to 0.25. This reduces the density of mechanical 

energy stored and the electrical energy generated. For a fixed diameter of 50 nm, the NW 

length was increased from 600 nm to 2500 nm, with a NW aspect ratio increasing from 12 to 

50. This increased the density of mechanical energy stored and the electrical energy 

generated. These results show that a low NW aspect ratio reduces the density of the 

mechanical energy stored and the electrical energy generated as presented in Figure 3.3c and 

Figure 3.3d; a high aspect ratio is thus required for efficient NGs.  
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The intrinsic and extrinsic screenings can also annihilate the electrical performances of NWs. 

On the one hand, the intrinsic screening is due to structural defects in the crystal, such as 

oxygen vacancies or the presence of interstitial zinc [4]. These defects generate free charges, 

i.e. positive charges in the case of oxygen vacancies and interstitial zinc. These charges can 

mask the piezoelectric charges and thus reduce the performance of the NG [5, 6]. The 

concentration of free charges in the NW is highly dependent on the synthesis, and can even 

vary from one NW to another in a sample originating from the same synthesis batch. These 

free charges mask the piezoelectric effect all the more as their concentration is high (Figure 

3.4). On the other hand, the extrinsic screening is due to the recombination of piezoelectric 

charges between NWs when touching each other.  

The presence of excess free charge carriers (>1018 cm-3) in the material is frequent for NWs 

grown by CBD [7]. So, despite the interest of ZnO NWs as possible piezoelectric elements in 

energy harvesters, the excess free charge carriers may completely neutralise the induced 

piezoelectric potential [8, 9]. It is thus necessary to characterise the structural defects of the 

NWs to understand the relationship between the NW synthesis process and the obtained NW 

array properties as NG. 

 

 

Figure 3.4. Influence of defects on the piezoelectric effect. Reproduced from [4]. 

 

Photoluminescence (PL) at room temperature is an excellent characterisation technique to 

evaluate the amount of structural defects present in the NWs. It consists in exciting an 

electron in the valence band with a photon whose energy is higher than the energy of the gap 

to allow its migration to the excited state. When the electron returns to the valence band, it 

emits a light beam which is detected and allows to obtain an emission spectrum (Figure 3.5). 

The absolute intensity of emission peaks is proportional to the amount of photoluminescent 

material on the substrate. Thus, the intensity of the peaks observed in PL increases with the 
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increase in diameter and length of the NWs and with the density of the NWs. The absolute 

intensity is also a function of the experimental conditions. In case of excess free charge 

carriers in ZnO NWs due to structural defects, the piezo- electric potential of semiconducting 

ZnO is generated as a result of competition between piezoelectrically generated ionic charges 

and the free charges screening them, causing detrimental effect of charges generated from the 

piezoelectric material [4]. 

Another factor limiting ZnO NW-based NG performance is the charge leakage across the 

metal-semiconductor interface in case of direct contact between ZnO NWs and the top 

electrode [10]. Such limitations have been minimised here by isolation of the ZnO NWs tips 

from external electrodes using insulating layers [11]. There are various advantages of using 

NG device prototype where the NWs are completely encapsulated in a polymer. Parylene C 

was chosen by the Greman as insulating polymer as it allows a conformal deposition with an 

easily controllable thickness. The Parylene C layer follows the ZnO array roughness and 

enters the spaces between the ZnO NWs [12].  

 

 

Figure 3.5. Principle of photoluminescence spectroscopy [13]. 

 

In this chapter, a mixture of zinc nitrate and zinc sulphate was used in order to optimise the 

growth of NWs, control the length, diameter and density of the NWs, which are important 

factors influencing the performance of the NG. Moreover, a work consisting in reducing the 

structural defects has been done. The silicon substrates coated with gold were provided by the 

Greman laboratory (Tours, France) and were spin-coated successively with ZnO seed and 

NWs grew by CBD using a mixture of zinc salts at the NCE laboratory (Chapter 2, section 

2.2.7.2). After characterisation of the layers, the substrates were sent back to the Greman 

laboratory for NG assembly and performance characterisation.  
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3.2.2 Experimental part 

3.2.2.1 ZnO NWs 

3.2.2.1.1 Preparation of the substrates 

At the Greman laboratory, the substrates (silicon discs) were cleaned sequentially for 10 min 

in a Piranha solution, rinsed with deionised (DI) water, cleaned with HF/H2O (50/50) 

solution, rinsed with DI water and finally dried under a flow of N2 gas at room temperature. 

Following the cleaning procedure, a conductive layer of Ti/Au (~100/200 nm thick) was 

sequentially deposited by a PVD process at room temperature using an Electron Beam 

Evaporator (Plassys meb 550 S). The Ti layer served as an adhesive layer for the Au layer. 

The silicon discs were then cut into pieces of 2 cm × 2 cm and sent to ULiège. 

 

3.2.2.1.2 Seed layer deposition 

The seed layer was deposited using the spin-coating procedure presented in Chapter 2 (section 

2.2.2.1). The Si/Au substrates sent by the Greman laboratory were first cleaned by sonication 

in an RBS T105 detergent solution (20 min) and rinsed by dipping the substrate in deionised 

water (20 min), acetone (20 min) and ethanol (20 min). They were then dried 30 min at 60 °C 

in air.  

A solution of zinc acetate dihydrate (Zn(CH3COO)2.2H2O, Sigma Aldrich, 99.999%) at 5 × 

10- 3 mol L-1 in ethanol was prepared for the seeding process. The seed layer procedure 

consisted in the deposition of 1 mL of the solution onto a clean slide substrate via the spin-

coating technique. The spin coating was performed at 2000 rpm for 30 s; the whole process 

was repeated five times. Finally, calcination at 350 °C for 20 min in air was performed in 

order to decompose zinc acetate to form ZnO nanocrystals which would act as nucleation sites 

for the subsequent growth of ZnO NWs. 

 

3.2.2.1.3 NW growth 

The NWs were grown on the seed via the modified growth process using zinc nitrate and zinc 

sulphate presented at the end of Chapter 2 (section 2.2.7.2). Zinc nitrate hexahydrate 

(Zn(NO3)2.6H2O, 98%, Sigma Aldrich) and zinc sulphate heptahydrate powder (ZnSO4.7H2O, 
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99.9%, Sigma Aldrich) were directly dissolved into 19.5 mL of 2.7 mol L-1 of ammonia 

solution (NH4OH, 25-30 wt.% as ammonia (NH3), Emsure, Merck). The previous solution 

and 13 mL of ethanolamine (2-aminoethanol, ≥ 98 %, Sigma Aldrich) were added to 97.5 mL 

of DI water. The growth solution (130 mL) was prepared in a 160 mL polypropylene vial, 

giving the following final concentrations: 5 × 10-2 mol L-1 Zn2+, 0.4 mol L-1 NH4OH and 1.7 

mol L-1 ethanolamine. The solution was vigorously stirred until the pH stabilised at 11.2 ± 

0.2. The substrate was introduced inclined from vertical to prevent particles which might form 

in the solution from settling on the downward-facing seeded side of the substrate. The 

reaction vial was closed and placed in an oil bath at 90 °C for 2 h. After growth, the substrate 

was removed from the solution, immediately rinsed with DI water to remove loose ZnO 

precipitates and any residual reactant from the surface, and dried in air at room temperature 

for 24 h. 10 samples, named AuZnO-X (X being the synthesis number), were prepared 

following the same procedure and characterised. 

All samples ZnO NWs were characterised by environmental scanning electron microscope 

ESEM (ESEM-FEG XL30 Philips, Esprit 1.9 software). Among the ten samples obtained, two 

were broken into pieces for ESEM side view. Photoluminescence (PL) were performed on all 

sample using a fluorescence spectrometer (Edinburgh FS920) at Ghent University. The PL 

measurements were performed at room temperature at 290 nm. The void fraction of the NWs 

was roughly evaluated from the top view of the ESEM images of the NWs using the diameter 

and density of the NWs. 

 

3.2.2.2 Nanogenerator assembly  

After deposition of the ZnO seed layer and growth of the ZnO NWs (step 1 on Figure 3.6), the 

eight unbroken substrates were sent to the Greman laboratory for embedding in the 

nanogenerator (NG) device. To ensure the mechanical robustness of the device, an insulating 

polymer (Parylene C) was wrapped around the nanowires with a commercially available 

chemical vapor deposition (CVD) process (step 2 on Figure 3.6). The Parylene C films were 

formed by vaporising the powdered dimer above 100 ˚C, inducing its sublimation. Then the 

temperature was increased at approximately 690 ˚C (pyrolysis) to form monomers, to finally 

polymerise the material on the substrate at room temperature. 1 g of Parylene C leads to an 

insulating layer of 800-900 nm thickness on the substrate covered with the NWs (2 cm × 2 

cm).  
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After Parylene C deposition, the sample surface was cleaned using oxygen plasma for 10 min. 

The upper electrode that transmits the external pressure to the NW tips was sequentially 

deposited by evaporating 400 nm/100 nm thick Al/Ti layers on the top surface of the ZnO 

NW-polymer using an Electron Beam Evaporator (Plassys meb 550 S) at 10-4 Pa (step 3 on 

Figure 3.6). To complete the device fabrication (step 4 on Figure 3.6), copper wires were 

bonded to the top and bottom conductive surfaces using silver paste (EPOTEKE4110 A et B - 

mixture ratio of 10A:1B, 0.1 g: 0.01 g). The device was then encapsulated in PDMS 

(Polydimethylsiloxane, Sylgard 184) using drop casting. This coating method consists in 

dropping the solution on the NG and let the drop spread on its own (10 - 15 min) at room 

temperature. Then, the NG was left for drying at 100 °C under air overnight. 

Figure 3.6. Nanogenerator assembly. (a) Step 1: ZnO NWs growth on Ti/Au. (b) Step 2: 

polymer encapsulation. (c) Step 3: deposition of top metal electrode. (d) Step 4: wire bonding. 

 

3.2.2.3 Nanogenerator characterisation 

The ZnO NW based NG devices were characterised to assess their performance at the Greman 

laboratory. The measurement device consists in a custom-built test bench carefully designed 
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to minimise anomalous signals that can occur apart from piezoelectric effects. The test bench 

was described previously by Oshman et al. [14]. As shown in Figure 3.7, the experimental test 

bench is a mechanical shaker equipped with an actuator arm made of carbon fibres for 

strength, rigidity and low weight. The NGs are tested by mechanical stress whose frequency 

was controlled by the mechanical arm hitting the surface of the NG on a 1 cm² area [14, 15]. 

The amplitude and frequency (5 Hz) of the shaker are controlled via an Agilent 33 250 

function generator (A), and an LDS PA100E power amplifier is used to drive the shaker (B); 

it thus adapts the voltage to the vibrating arm (C) (LDS brand). The electrometer (D) 

(Keithley 6517B) converts current to voltage visible on the oscilloscope display (E) (Agilent 

DCS05054A 4-channel oscilloscope). The gateway with coaxial cables (F) (amplifier 

OPA604) is required to avoid the environmental noise. The whole system is controlled by a 

computer (G). The actuator arm is attached to the reciprocating shaker platform at one end 

and a height adjustable screw is inserted through it at the opposite end. To avoid excessive 

damage to the NGs during testing, the screw tip is also insulated by soft styrene-butadiene 

rubber.  
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Figure 3.7. Experimental test bench for the characterisation of piezoelectric nanogenerators at 

the Greman laboratory. (a) Low-frequency generator; (b) high-impedance power amplifier; (c) 

vibrating arm; (d) electrometer; (e) oscilloscope display; (f) gateway with coaxial cables; (g) 

computer. 

 

For our experiments, the NGs were firmly fixed onto a solid aluminium block using double 

sided adhesive tape. The screw tip was positioned over the active region of the NG, without 

direct contact (Figure 3.8). While the exact forces subjected to the NGs were unknown during 

testing, a constant output voltage of 1 V was maintained on a commercial lead zirconate 

titanate (Pb[Zr(x)Ti(1-x)]O3) PZT disc buzzer positioned between two insulating glass plates 

under the NG. To compress the vertical NWs longitudinally, a uniform pressure was applied 

to the top surface of the NG (resulting force of 6 N). To assess the impact of resistive loading 

on the measured NG output characteristics, a series of experiments were conducted, in which 

the load resistor (RL) was varied between 0.1 MΩ and 100 MΩ.  
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Figure 3.8. Scheme of the set up for ZnO NG testing. 

 

3.2.3 Results and discussion 

3.2.3.1 ZnO NW 

As explained in the introduction, the aspect ratio, i.e. the length to diameter ratio (L/D) of the 

NWs, plays a role in the performances of the NG. The synthesis of ZnO NWs has therefore 

been optimised to maximise the aspect ratio while maintaining a certain fraction of void 

between the NWs. To do so, NWs were grown by mixing Zn(NO3)2 and Zn(SO4) as ZnO 

precursors. On the one hand, zinc sulphate enables NWs to be obtained in the shape of a 

hexagonal prism with a flat top, which is the desired shape, and also improves the verticality 

of the NWs [16]. Zinc nitrate, on the other hand, makes it possible to obtain longer nanowires 

with a better aspect ratio and a higher void fraction between the NWs, but the latter are less 

well oriented and the top of the hexagonal prisms is shaped like the tip of a pencil [16] .  

ESEM microscopy was used to characterise the NWs grown on gold substrate, as shown in 

Figure 3.9a and Figure 3.9b. The NWs displayed a diameter of 0.2 µm and a length of 4 µm. 

The density was estimated by counting the NWs present on surfaces in various places and was 

repeated for several images at the same magnification. The number of NWs were reported per 

unit area of sample. The void fraction estimated from the top view was about 70% and the 

density was about 1.2 × 109 cm-2. 
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Figure 3.9. ESEM pictures of the NWs grown on gold substrate: (a) top view, (b) side view. 

 

Photoluminescence spectroscopy was performed on the NWs to characterise the structural 

defects. Figure 3.10 shows the photoluminescence spectrum of four of the ZnO NWs samples 

obtained; results obtained with the others were similar. The analysis exhibit two peaks: one in 

the visible area and the second in the UV area. One observes a difference of intensity between 

the two peaks: the surface of the visible peak is very large compared to the UV peak. The UV 

emission centred at ~380 nm (3.26 eV) is the characteristic signature of the interband 

transition between the valence band and the conduction band of the ZnO and corresponds to 

the band gap (near-band edge emission) [17]. The spectrum in the visible range, i.e. the wide 

peak between 450 and 750 nm with a maximum around 640 nm), corresponds to the presence 

of crystal defects. These defects can be related to interstitial zinc or oxygen (Zni and Oi) [18, 

19], or zinc or oxygen vacancies (VZn and VO) [20], and tend to form intra-band transitions in 

the visible which, in PL, corresponds to a low emission [17, 21].  
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Figure 3.10. Photoluminescence graphs for different ZnO NWs arrays. 

 

A large emission peak of wavelength ≥ 400 nm often observed during wet chemical growth is 

therefore attributed to defect-induced luminescence and is due to intraband transitions [22]. 

This peak covers the entire visible region, which explains the white light emission from ZnO 

NWs. The attribution of these peaks has been the subject of much discussion [23].  

One method to qualitatively evaluate the concentration of structural defects in ZnO is to 

compare the relative intensities of the UV peak and the visible peak. Indeed, if the nanowires 

exhibit low absorption in the visible range and sharp absorption around 360-380 nm, this 

indicates good crystallinity and a reduced number of defects in the nanowires [24, 25]. The 

higher the number of peak intensities, the fewer the structural defects in the NWs. This 

method also allows to get rid of the effects of the quantity of ZnO on the substrate as well as 

the changing measurement conditions from one measurement campaign to another. The 

UV/Vis ratio of the surfaces below the UV and visible peaks is small (Table 3.1). The 

presence of many structural defects leads to the presence of many free charge carriers that will 

drastically decrease the piezoelectric potential.  

Table 3.1. UV/Vis ratio by photoluminescence for ZnO NWs arrays. 

 Ratio UV/Vis 

AuZnO-1 1.9 × 10-3 

AuZnO-3 1.8 × 10-3 

AuZnO-7 2.1 × 10-3 

AuZnO-9 1.9 × 10-3 
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To obtain efficient NGs, it is thus much probably necessary to reduce the amount of structural 

defects (repair) or to mask the effect of the associated charges (surface passivation). Hue et al. 

[26] presented oxygen plasma and post-thermal treatment methods in order to reduce 

structural defects and surface passivation using polymer to mask the free charges of the ZnO 

NWs. Oxygen plasma contains radical oxygen species O* that can diffuse through the ZnO 

bulk to fill the oxygen vacancies [27]. Post-thermal treatment of the ZnO NWs in various 

atmospheres can also improve the crystal quality. For example, oxygen vacancies could be 

reduced by calcination of the NWs in air above 200 °C. It is well known that metal oxides 

surfaces are rich in defects such as oxygen vacancies, which serve as the binding sites for 

chemical adsorption processes. Surface passivation can eliminate these defects and also 

makes the surface more chemically inert.  

The Greman laboratory showed that a post-thermal treatment at 450 °C can improve the NG 

performances [15]. The senior researcher involved in the same subject worked thus on the 

decreasing of the post-thermal treatment temperature, as the final perspective consists in using 

organic flexible substrate such as Kapton®. The main results, showing structural 

improvement of the NWs by post-thermal treatment, are briefly described in section 3.2.3.4. 

 

3.2.3.2 NG assembly 

The NG assembly can be divided into three parts. First, an arrangement of piezoelectric NWs 

(ZnO) converts mechanical energy into electrical energy via the piezoelectric effect. This is 

the heart of the device. Second, this NW array is coated by an insulation layer (Parylene C) 

that (i) increases the mechanical robustness of the NG and (ii) protects the device from 

electrical leakage and short circuits that could occur due to the unintentional n-type doping of 

the ZnO (i.e. oxygen interstitials generating negative charges). Finally, the upper and lower 

electrodes are used as collectors of electrical charges.  

The Parylene C was chosen by the Greman laboratory among different insulating polymers in 

a previous PhD work [28]. The Parylene C was chosen for its easy deposition on the surface 

of the nanowires, good infiltration, and accurate thickness control. Moreover, Parylene C has 

negligible piezoelectric properties compared to ZnO.  
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3.2.3.3 NG characterisation 

The principle of the nanogenerator characterisation is as follows (Figure 3.11a). Mechanical 

forces compress the NWs along their c-axis, producing a potential difference along this axis 

due to the piezoelectric effect. Electrons are forced to flow through the external circuit to 

compensate for this potential difference. The voltage produced by the compressed NWs leads 

to the accumulation of charges at the upper and lower electrodes through the external circuit, 

thereby charging the capacitance and generating a current pulse of the external circuit. A 

current pulse in the opposite direction occurs when the force is released. To verify that the 

measured electrical response, whether in voltage or current, corresponds to the piezoelectric 

effect, the NG is operated in both forward and reverse modes, with the electrical connections 

to the NG terminals being reversed. If the signal is indeed due to the piezoelectric effect, the 

profile of the curve should be reversed (Figure 3.11b) by reversing the connections and the 

reverse curve should be symmetrical to the forward curve. 

The frequency-controlled vibrating arm (Figure 3.8) allows the NG to be loaded at a given 

force and at a given frequency. At the Greman laboratory, performances are classically 

measured for a force of 6 N applied at a frequency of 5 Hz. Figure 3.11 b shows the 

measurements of the forward and reverse peak voltage (Vpeak) (i.e. maximum value) obtained 

when the NWs are compressed. There is indeed inversion but the curve is not perfectly 

symmetrical. This is due to the measurement system which induces a bias in the response. The 

Greman test bench has since been improved to overcome this problem.  

 

Figure 3.11. (a) Schematic of the NG working as a charged capacitance proportional to the 

force applied (reproduced from [3]); (b) Measurement of the NG performances of sample 

AuZnO-1 for a given resistance in forward and reverse modes at Greman laboratory.  
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According to the Greman laboratory, energy harvesters generally present impedance source 

into their load circuits and during operation. During the NG characterisation, the load 

resistance (RL) is varied, between 0.1 MΩ and 100 MΩ, in order to find the RL that suits best 

the resistance of the device. First, different values of peak voltage, VPeak, are obtained by 

varying the load resistance, as presented in Figure 3.12a. With this method, the open circuit 

voltage, Voc, is determined at maximum load resistance relevant for the measuring 

system. Experimental data resulting from the various RL values can be found in Figure 3.12a. 

From these results, it can clearly be observed that the output voltages for the device increase 

with increasing RL. Figure 3.12b represents the peak power (PPeak) as a function of the varying 

load resistance. Power is calculated as: 

 𝑃 = 𝑉 × 𝐼      (1) 

where P is the power (W), V is the voltage (V) and I is the current (A).  

According to Ohms’ law, the current can be calculated as a function of the load resistance R: 

𝐼 =
𝑉

𝑅
       (2) 

A measurement of the PPeak as a function of R can thus be obtained from: 

𝑃 =
𝑉²

𝑅
        (3) 

By applying Equation 3 to the measured output voltage responses (Figure 3.12a), the PPeak vs. 

RL variations are shown in Figure 3.12b. From this, the calculated P increases with increasing 

RL values. The maximum output power (Pmax) is determined by the maximum of the PPeak vs. 

RL curve. 

 

Figure 3.12. (a) Measurement of the maximum open circuit voltage (VOC); (b) measurement 

of the maximum output power (Pmax). 
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Among the eight samples tested, only five showed usable measurements for both Pmax and 

VOC. One sample had short circuits and two samples displayed too low power. Indeed, it was 

decided to discard NGs whose maximum peak power Pmax was lower than 1/10 of the 

maximum value obtained in the series (45 nW). Pmax values between 16 and 45 nW and open 

circuit voltages from 0.5 to 1.3 V were obtained. On the one hand, the NW synthesis pathway 

developed in the previous chapters presents advantages such as a growth rate well above the 

target of 20 nm min- 1 and a good adhesion of the NWs to the substrate due to the presence of 

the ZnO seed layer. The power density is evaluated by dividing the maximum power (Pmax) 

by the surface area solicited and the thickness of the active layer. On the other hand, the 

piezoelectric performances are still far from the target of 4.2 V for VOC and from that of 1 µW 

cm-2 for power density. It is very likely that the poor NG performance of the samples may be 

due to a high concentration of structural defects. 

 

3.2.3.4 Improvement of the NG performances. 

Opoku et al. [15] (from the Greman laboratory) showed that the thermal post-treatment of the 

NWs at 450 °C improves the NG performances. However, as the entire synthesis process 

should allow the use of organic substrates, the thermal post-treatment was performed at a 

lower temperature, hoping it would be sufficient to repair the NW structural defects. Figure 

3.13 shows the photoluminescence spectrum of the NWs before and after post-treatment at 

260 °C for 3 h. The spectrum shows that the UV peak increases drastically after thermal post-

treatment while the visible peak remains at the same intensity. The UV/Vis ratio increases 

with the thermal post-treatment (Table 3.2), which means that the concentration of structural 

defects strongly decreases. This thermal post-treatment improved the NG performances: the 

maximum power Pmax increased from an average value of 37 nW to 121 nW and Voc 

increased from an average value of 1.1 to 2.3 V (Table 3.2). Results remain however very 

scattered, maybe due to assembly issues. 
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Figure 3.13. Photoluminescence spectrum of the NWs ▬ before and ▬ after post-treatment 

for sample AuZnO 11-2. 

 

 

Table 3.2. UV/Vis ratio by photoluminescence and results from NG characterisation for ZnO 

NWs arrays post-treatment 3h at 260 °C (series AuZnO 11). 

 Ratio UV/Vis Pmax (nW) Voc (V) 

AuZnO 11-1 8.8 × 10-2 36 1.5 

AuZnO 11-2 1.2 × 10-1 42 1.7 

AuZnO 11-3 1.5 × 10-1 discard discard 

AuZnO 11-4 8.4 × 10-2 discard discard 

AuZnO 11-5 5.2 × 10-2 286 3.6 

 

3.2.4 Conclusion 

In this first application, the ZnO NWs were synthesised using a modified protocol compared 

to Chapters 1 and 2, and used to build piezoelectric nanogenerators. Several samples of NWs 

synthesised at ULiège were sent to the Greman laboratory to be assembled as NG and 

characterised. The NGs were mechanically tested using a vibrating arm which compress the 

vertical NWs longitudinally. The samples sent for characterisation led to maximum power 

values between 16 and 45 nW and an open circuit voltage between 0.5 and 1.3 V when a force 

of 6 N was applied to the sample surface. Those values are too low compared to the targeted 
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values of 4.2 V and 1 µW cm-2. However, applying a thermal post-treatment to the NWs 

allowed to drastically increase their performance in NG; this was most likely linked to the 

repair of the structural defects, which initially hampers the piezoelectric effect. Indeed, while 

the post-treatment allowed to increase the UV/Vis ratio from 10-3 to 10-1, an improvement of 

the maximum power Pmax from an average value of 37 nW to 121 nW was observed.  

These results highlighted that the dimensions (length and diameter) and the density of the 

nanowires were not the only parameters that influence the NG performances. Indeed, the high 

concentration of structural defects, such as vacancies or interstitial ions, can decrease the 

performances of the device, and structural defect repairs allows enhancing the NG 

performances. This also suggests that it might be possible to improve the NG performances 

further. As a prospect, the optimised synthesis (seed deposition + NWs growth) presented at 

the end of the Chapter 2, with and without the thermal post-treatment, should be used to 

synthesise optimised NWs for NG applications. Other methods such as oxygen plasma 

treatment [26] on the NWs, or a treatment of the seed layer with H2O2 [29] could also reduce 

the amount of structural defects. 

 

 

3.3 ZnO NWs as photocatalyst 

3.3.1 Introduction 

One-dimensional Zinc Oxide Nanowires (ZnO NWs) have attracted a lot of attention during 

last decade due to their remarkable physical and chemical properties for electronic and optical 

devices such as chemical sensors, field effect transistors, and nanogenerators, but also for 

photocatalytic applications. ZnO materials can be used for the degradation of organic 

compounds, dyes, detergents, and pollutants in nearly neutral solution [30-32]. ZnO 

nanostructures are efficient photocatalysts in comparison with ZnO bulk materials [33]. 

Among various nanostructures such as nanowires and nanoneedles, ZnO nano- structures 

were shown to be good photocatalysts due to their high surface-to-volume ratio [34,35]. In 

addition, long ZnO nanowires with better photocatalytic activity are ascribed to the increase 

of surface-to- volume ratio and surface properties such as surface defects and oxygen 

vacancies [36,37]. 

As a second example of application, the ZnO NWs were used in the framework of 

photocatalytic decomposition process. The photocatalytic decomposition of hydrogen 
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peroxide under UV and visible light irradiation was used as a simple method to quantify the 

photocatalytic activity of the ZnO NWs films. In photocatalysis, electron-hole pairs are 

generated in the semiconductor through excitation of electrons from the valence band to the 

conduction band by absorbing light.  

 

 

Figure 3.14. Scheme of the mechanism generating reactive species. 

 

Under UV-visible light irradiation, the photocatalytic activity of ZnO results from the 

injection of electrons into the conduction band (ZnO(e−
CB)), which leaves holes in the valence 

band (ZnO(h+
VB)) as shown in Figure 3.14. These electrons and holes allow the formation of 

active species such as O2
•, HO2

•, OH•, which are involved in the degradation of various 

pollutants [38]. H2O2 may also be photodecomposed to produce the active species OH•. The 

catalytic activity for the decomposition of H2O2 on photocatalyst surfaces under UV-visible 

light irradiation is commonly used to study the catalytic activity of different semiconductors 

[39–42]. H2O2 decomposition catalysed by ZnO has been evaluated by a simple and 

inexpensive technique previously developed at the NCE laboratory by Páez et al. [43]. The 

method lies on the observation of O2 production by gas pressure monitoring (O2-monitored 

method) during H2O2 decomposition.  

Micrometric layers of well-aligned NWs were synthesised by the two-step process consisting 

in (i) the deposition of a ZnO seed by sol-gel method, using dip-coating, followed by (ii) the 

growth of ZnO NWs using chemical bath deposition (CBD). Using seed and growth 

conditions developed in Chapters 2 and 1, respectively, it was possible to obtain NWs 

oriented along the c-axis. For the seed, an equimolar solution of ethanolamine and zinc 

acetate in ethanol was prepared and deposited using dip-coating (Chapter 2, section 2.2.4). 

The seed coating was calcined at different temperatures. ZnO NWs were further grown with 



101 

 

the optimised CBD method, consisting in dissolving directly the zinc salt into ammonia 

(Chapter 1, section 1.1.2). Finally, the NW arrays were tested as photocatalyst for the H2O2 

degradation in a home-made experimental device.  

 

3.3.2 Experimental work 

3.3.2.1 ZnO NWs for the photocatalytic decomposition of H2O2  

3.3.2.1.1 Seed deposition 

ZnO seed layers were deposited onto clean alkali-free glass slides (Schott AF32 eco) via the 

dip-coating technique, as developed in Chapter 2, section 2.2.4. The substrates were first 

cleaned with Gardoclean grease remover solution (20 min) and rinsed with deionised water 

(20 min), acetone (20 min) and ethanol (20 min). They were then dried under air flow at room 

temperature. Before deposition, one side of the glass slide was covered with adhesive tape 

protection to ensure the deposition of the seed layer only on one side of the glass slide. An 

equimolar solution of zinc acetate dihydrate (Zn(CH3COO)2.2H2O, Sigma Aldrich, 99.999%)) 

and ethanolamine (2-aminoethanol, ≥ 98%, Sigma Aldrich) in ethanol was prepared to 

produce the seed films. The concentration of both zinc acetate and ethanolamine was 0.25 mol 

L-1. This solution was heated at 60 ºC for 2 h under stirring and cooled down at room 

temperature for 3 h, in order to obtain a stable and homogeneous colloidal solution. The glass 

substrates were introduced into the solution using dip-coating technique in order to deposit the 

seed layer. The coating was deposited at 0.2 m min-1 speed, and then thermally pre-treated at 

100 °C for 20 min, followed by calcination for 20 min at three different temperatures: 200, 

300 and 400 °C.  

 

3.3.2.1.2 Growth or ZnO NWs 

ZnO NWs were grown by chemical bath deposition (CBD) [44, 45] (see Chapter 1, section 

1.1.2). Following the optimised process, the zinc sulphate heptahydrate powder (3.74 g, 

ZnSO4.7H2O, Sigma Aldrich, 99.9%) was directly dissolved into 19.5 mL of 4.0 mol L-1 

ammonia solution (NH4OH, 25 - 30 wt.% as ammonia (NH3), Emsure, Merck). The previous 

solution and 13 mL of ethanolamine (2-aminoethanol, Sigma Aldrich, ≥ 98%) were added to 

97.5 mL of DI water. The growth solution (130 mL) was prepared in a 160 mL polypropylene 

vial, giving the following final concentrations: 0.1 mol L-1 Zn2+, 0.6 mol L-1 NH4OH and 1.7 
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mol L-1 ethanolamine. The solution was vigorously stirred until the pH stabilised at ~11.1 ± 

0.2 (10 min). The substrate was introduced inclined from vertical to prevent particles which 

might form in the solution from settling on the downward-facing seeded side of the substrate. 

The reaction vial was closed and placed in an oil bath at 90 °C for 2 h. At the end of the 

growth period, the substrates were immediately rinsed with deionised water to remove any 

residual salt from the surface, and dried in air at room temperature. The morphology of both 

the ZnO seed layer and the ZnO NWs was observed by ESEM (ESEM XL30 Philips). 

 

3.3.2.2 Measurement of the photocatalytic activity for the decomposition of H2O2  

The photocatalytic activity of the ZnO NWs grown on seeds treated at different temperatures 

was determined via the degradation of H2O2 in aqueous solution by measuring the volume of 

oxygen produced per time unit at atmospheric pressure. The photoreaction was carried out 

using a batch reactor with external halogen lamp (300 W, 230 V) powered at 110 V. The 

emission spectrum of the halogen lamp was measured with a Mini-Spectrometer (Hamamatsu 

Photonics) (Figure 3.15). 

 

Figure 3.15. Emission spectrum of the halogen lamp used in the photocatalysis experimental 

setup. 

 

The experimental setup, which was previously described by Páez et al. [43], is presented in 

Figure 3.16. The reactor was however modified to handle a 50 mL solution (initially 100 mL) 

as the surface covered with NWs is smaller than in the original set-up designed for other 

samples. Control tests were carried out in the dark in order to check if the degradation of 
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H2O2 occurs in presence of ZnO NWs without any light. Additionally, the degradation rate of 

H2O2 was measured under light irradiation. 

 

Figure 3.16. Scheme of the experimental set-up for the measurement of the photocatalytic 

activity toward the decomposition of the H2O2. Reprinted from [43]. 

 

A typical experiment in the present study took place as follows: (i) the ZnO NW array was 

cleaned with ethanol and placed in the reactor with 30.6 mL of deionised water; (ii) the 

reactor was closed with a septum port; (iii) the reactor and the halogen lamp were then placed 

in a thermostatic bath of DI water with a temperature fixed at 20 °C and stirred for 10 min 

under magnetic stirring (the pressure in the reactor at the beginning of the reaction was equal 

to the atmospheric pressure); (iv) 5.4 mL of H2O2 solution (30%, Merck) were injected into 

the deionised water via the septum port; (v) the halogen lamp was turned on; (vi) finally, the 

O2 pressure was monitored every 10 min for 2 h. The change in H2O2 concentration and 

kinetics rate during photocatalytic run were calculated. The experiment was repeated with 

ZnO arrays prepared on seeds calcined at various temperature (200, 300 and 400 ºC).  
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3.3.3 Results and discussion 

3.3.3.1 ZnO NWs physical characterisation 

The aim of this experiment was to study the impact of the calcination temperature of the seed 

layer and, indirectly, that of the NW morphology on the photocatalytic properties of the ZnO 

NWs. The effect of calcination temperature was evaluated for the seed prepared with a 

Zn(CH3COO)2 concentration of 0.25 mol L-1. Three temperatures were studied: 200, 300, and 

400 ºC. In Chapter 2 (section 2.3.4), the UV-visible characterisation has shown that the 

absorption intensity increases with the seed calcination temperature, which indicates a higher 

crystallinity of the seed [46]. Moreover, the XRD pattern have shown only (002) c-axis 

orientation peak for a calcination temperature at 400 °C, indicating a well-oriented seed layer. 

This seed film exhibits highly preferred orientation perpendicular to the substrate surface.  

The calcination temperature of the seed layer plays a key role in the growth, organisation and 

orientation of ZnO NWs. The mass of ZnO grown on seeds calcined at 200, 300 and 400 ºC 

was 20.5, 32.3 and 42.7 mg, respectively. It indicates that the increase of the seed calcination 

temperature increases the subsequent rate of growth of the NWs. The impact of the 

temperature on their microstructure was observed by ESEM. Figure 3.17 shows the top views 

of the synthesised NWs obtained from seed layers calcined at 200 °C (Figure 3.17a), 300 °C 

(Figure 3.17b) and 400 ºC (Figure 3.17c). Side view images of seed layers calcined at 200 °C, 

300 °C and 400 °C are shown in Figure 3.17d, Figure 3.17e and Figure 3.17f, respectively.  

Seed layers calcined at 200 ºC give rise to slightly less organised NWs with lower orientation; 

the measured thickness is 2.8 ± 0.05 μm. This value increased with the seed calcination 

temperature. The samples displayed a thickness of 3.7 ± 0.1 μm at the intermediate 

temperature of 300 ºC. However, when the seed was calcined at 400 ºC, the length of the ZnO 

NWs (3.5 ± 0.1 μm) did not increase compared with the NWs grown on the seed layer 

calcined at 300 ºC. One can notice that the sample obtained on the seed calcined at 400 ºC 

presented a very dense organisation with an extremely high orientation, which leads to a 

continuous film because of the contact between nanowires. This effect is confirmed from the 

top view in Figure 3.17g and Figure 3.17h, where a closed surface was observed; this 

indicates that most of the ZnO nanowires are in contact with each other, with no gap in-

between. Determining the specific surface area of the NWs using, for instance, nitrogen 

adsorption-desorption isotherms, would have been a way to evaluate the available surface of 

the NWs, and quantify the contacts between NWs. However, this measurement could not be 



105 

 

performed because the NCE laboratory is not equipped for the measurement of the specific 

surface area of thin films; the main issue is the too low amount of sample that can be placed in 

classical adsorption-desorption devices; more advanced measurements techniques would be 

required to obtain accurate values of the specific surface area. 

 

 

Figure 3.17. ESEM images of ZnO nanowires obtained from seed layers. Top view of the 

seeds calcined at (a) 200 ºC, (b) 300 ºC and (c) 400 ºC. Side view of the seeds calcined at (d) 

200 ºC, (e) 300 ºC and (f) 400 ºC. The pictures show the ZnO NW film aspect after NW 

growth on seeds calcined at (g) 200 °C, (h) 300 °C and (i) 400 °C. 

 

3.3.3.2 Photocatalytic activity of the ZnO NWS 

The photocatalytic activity of the ZnO NWs grown on seed layers calcined at different 

temperatures was evaluated via the degradation of H2O2 in aqueous solution by measuring the 

volume of oxygen produced per time unit at atmospheric pressure. The evolution of H2O2 

concentration was studied as a function of time under visible light irradiation (Figure 3.18). 

The evolution of the H2O2 concentration during the photocatalytic run was determined from:  

𝐶 = 𝐶0 − 2 
𝑃𝑉𝑔

𝑅𝑇𝑉𝐿
         (4) 

where C is the concentration of H2O2 in the reactor at time t (mol L−1), C0 is the initial 

concentration of H2O2 (6.18 mol L−1), P is the atmospheric pressure (considered equal to 
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101.3 kPa), R is the perfect gas constant (8.314 J mol−1 K−1), VL is the total volume of solution 

in the reactor (0.036 L), T is the room temperature (298 K) and Vg corresponds to the 

integrated volume of gas liberated at time t (L) at atmospheric pressure. The experiment was 

performed only once with ZnO NWs deposited on glass slides preliminarily coated with ZnO 

seed calcined at 200, 300 and 400 ºC. 

Rates of H2O2 decomposition were evaluated at the reaction temperature (25 ºC) and first-

order kinetic law [47, 48] was used to obtain the apparent kinetic constant, kapp: 

r = 𝑘𝑎𝑝𝑝 · C (= −
𝑑𝐶

𝑑𝑡
)      (5) 

Note that, as the kinetic constant depends on quantum yield, incident light intensity, light 

path, extinction coefficient, and substrate concentration it is more suitable to name it kapp [49].  

After integration over time in the discontinuous reactor, one obtains: 

− ln (
𝐶

𝐶0
) = 𝑘𝑎𝑝𝑝 · t      (6) 

where r is the reaction rate (mol L-1 s-1), kapp is the apparent first order constant (s-1) and t is 

the reaction time (s). For each temperature, the initial rate of decomposition of H2O2, r0, was 

calculated by multiplying kapp by the initial concentration, C0. Additionally, in order to 

evaluate the efficiency of the ZnO NWs, rm (mol g-1 s-1), i.e. the rate of H2O2 decomposition 

per mass unit of ZnO, was calculated: 

𝑟𝑚 =
𝑉𝐿

𝑀
· 𝑟0        (7) 

where M is the catalyst mass (g), VL is the total reaction volume (L) and r0 is the initial rate of 

H2O2 decomposition (mol L-1 s-1). 
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Figure 3.18. (a) Control test of H2O2 degradation (⚫) with ZnO in the dark and () without 

ZnO under light. (b) First-order kinetics linearisation of the H2O2 decomposition under light 

using ZnO NWs grown on ZnO seeds calcined at (⚫) 200, (◆) 300 and () 400 ºC.  

 

Control tests show that no degradation of H2O2 was observed in presence of ZnO NWs during 

the experiments carried out in the dark (Figure 3.18a, blue discs). Additionally, in absence of 

ZnO NWs, H2O2 degradation rate was negligible under only light irradiation (Figure 3.18a, 

red circles). H2O2 was degraded when it was in contact with ZnO NWs under light irradiation. 

Figure 3.18 shows that the reaction indeed obeys a first order rate law. An initiation period 

can be observed corresponding to the preheating time of the halogen lamp. This leads to a 

lower degradation rate and it is characterised by a lower slope in Figure 3.18b.  

The apparent first order kinetic constant values (kapp) were calculated from the slope of the 

curve between 35 min and 125 min and were significantly higher when the calcination 

temperature was increased (Table 3.3). With the kapp values, it was then possible to determine 

the initial rate (r0); the values chosen were those between 35 min and 50 min as it corresponds 

to the beginning of the reaction, after the initiation period. For instance, for a calcination 

temperature of 200, 300 and 400 ºC, r0 values of 5.16 × 10-7, 6.13 × 10-7 and 7.18 × 10-

 7 mmol L- 1 s-1 were obtained, respectively (Table 3.3). Finally, reaction rates were also 

calculated as a function of the mass of grown ZnO NWs (rm). The obtained values of rm 

decrease when the seed calcination temperature increases and, as a consequence, the NW 

density increases. This means that, for the H2O2 decomposition, and assuming that the activity 

of the active sites remains identical from sample to sample, the amount and availability of 

superficial active sites per mass unit of ZnO NWs decreases with the increase of calcination 

temperature of the seed. The calcination of the seed layer at 200 °C gives rise to separate 
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NWs with more active surface area exposed than for the continuous NWs film array observed 

for a calcined seed at 400 °C. This increased accessible surface probably enhances the 

photocatalytic effect. Combination of these results with an accurate specific surface area 

measurement would be the best way to confirm this conclusion. 

 

Table 3.3. Kinetic data obtained from the H2O2 decomposition over ZnO NWs arrays grown 

on seeds calcined at 200, 300 and 400 ºC. 

Seed calcination 

temperature 

(ºC) 

ZnO mass 

(mg) 

kapp 

(s-1) 

r0 

(mmol L-1 s-1) 

rm 

(mmol g-1 s-1) 

200 20.5 8.35 × 10-8 5.16 × 10-7 9.06 × 10-7 

300 32.3 9.93 × 10-8 6.13 × 10-7 6.83 × 10-7 

400 42.7 1.16 × 10-7 7.18 × 10-7 6.06 × 10-7 

kapp: apparent first order constant; r0: initial rate of decomposition of H2O2; rm: rate of H2O2 

decomposition by mass unit of ZnO. 

 

To confirm that the first-order is not the result of a mass-transport limited process, it was 

checked that the gradient of concentration across the reactor was negligible. The calculation 

was performed assuming that the only transport mechanism was diffusion, i.e. that there was 

no mixing of the solution and no convection. This corresponds to the less favourable case for 

mass transport from the solution to the catalyst surface. So, mass transport is governed by 

Fick’s law:  

−𝑗 = 𝐷
𝜕𝐶

𝜕𝑧
      (8) 

where j is the material flow and D is the diffusion coefficient (cm² s-1), which depends only on 

the temperature.  

We consider that the system is a flat plate of 10 cm², immersed in the tube (4 cm in diameter), 

and that the liquid is not stirred. At the stationary state, the "incoming" and "outgoing" flows 

on the surface of the substrate must be equal. The "outcoming" flow corresponds to the 

reaction speed, referred to the unit of surface area of the catalytic plate (in mol cm-² s-1). The 

"incoming" flow is given by Fick's law. Thus: 

𝑟 = 𝐷
𝜕𝐶

𝜕𝑧
      (9) 

where r is the reaction rate and D the diffusion coefficient of H2O2 in water (~10-5 cm2 s-1). 
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Considering that z = L and C = C0 = 6.18 × 10-3 mol cm-³, Equation 9 can be integrated 

between the surface of the plate (z = 0) and the edge of the tube furthest away (z = L) 

resulting in: 

𝑟𝐿 = 𝐷(𝐶0 − 𝐶𝑠)      (10) 

where Cs is the concentration of H2O2 at the surface of the plate. In other words, the 

concentration gradient between the plate and the liquid is directly proportional to the reaction 

speed: 

𝑟 = 𝐷
(𝐶0−𝐶𝑠)

𝐿
      (11) 

It is then possible to evaluate Cs: 

𝐶𝑠 = 𝐶0 −
𝑟𝐿

𝐷
      (12) 

With values of C0 = 6.18 × 10-3 mol cm-³, D = 10-5 cm2 s-1, r = r0 = 3.6 × 10-12 mol cm-² s-1 and 

L = 4 cm, one obtains Cs ~ C0. The decrease in concentration is negligible, even in the most 

extreme case (diffusion only, no agitation). There is therefore no problem of external matter 

transfer, and the first-order found experimentally is thus related to reaction kinetics, not mass 

transport in the fluid. It means that variations of reaction rates are representative of the NW 

catalytic properties. 

 

3.3.4 Conclusion 

ZnO NWs prepared on seeds calcined at various temperatures, using techniques developed in 

Chapters 1 and 2, were tested as possible photocatalyst by using the photocatalytic 

degradation of H2O2 as a test reaction. This first set experiment has shown that the calcination 

temperature of the ZnO seed layer has an influence in the subsequent growth, organisation 

and orientation of ZnO NWs. The increase of the calcination temperature of the seed layer 

leads to a well oriented seed layer (c-axis (002)) with a higher density of NWs. The H2O2 

degradation rate (expressed in mol L-1 s-1) in contact with ZnO NWs under visible light 

irradiation was significantly higher when the seed calcination temperature was increased. For 

instance, the best decomposition rate was obtained for a calcination temperature of 400 ºC, 

with an initial rate of decomposition of H2O2 (r0) value of 7.18 × 10-7 mmol L-1 s-1. However, 

when the rate is calculated as function of the ZnO mass deposited, the best result is obtained 

for a seed layer calcined at 200 °C. This can be explained by the differences of NW density. 
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When the seed layer is calcined at 200 °C, the NWs are less close to each other than when 

grown on a seed calcined at 400 °C, as shown in Figure 3.17. This suggest that, if one 

assumes that the active sites display the same catalytic activity from sample to sample, the 

photocatalytic activity of ZnO NWs comes not only from the top surface of the material but 

also from the side surfaces. Note however that the photocatalytic activity of ZnO NWs was 

only tested once and needs to be reproduced. Moreover, the measurement of the specific area 

of the NWs is needed to confirm that the photocatalytic activity of the NWs comes from the 

top and the side surfaces, and not from a modification of the catalytic activity of the active 

sites.   

 

 

3.4 Conclusion 

In this chapter ZnO nanowires were used to build piezoelectric nanogenerators and as 

photocatalyst for the degradation of H2O2.  

The two applications presented here highlighted that the dimensions (length and diameter) 

and the density of the nanowires were not the only parameters that influence the final 

performances. Indeed, the high concentration of structural defects such as vacancies or 

interstitial ions, can decrease the performances of the nanogenerator. A way to improve the 

NG performances is to decrease the structural defect using the seed deposition process and the 

NWs growth developed as presented in the previous chapter followed by a post-thermal 

treatment.  

In the case of photocatalysis, the density of NWs has an impact on the reaction rate, which 

certainly comes from the actual surface in contact with the H2O2 solution: indeed, as the 

calcination seed increases, the voids between the NW decrease, leading to a decrease of the 

reaction rate per mass unit of ZnO. In order to improve the catalytic activity of the NWs, the 

catalytic surface area should be increased by decreasing the NW density; however, the total 

specific surface area of the NW arrays need to be measured to compare the results between 

each other.  

It is then necessary to control the synthesis process of the NWs, which is not obvious. 

However, we have shown in Chapter 1 and Chapter 2 that the morphology of the NWs could 

be controlled to some extent. It should thus be possible to adapt the NWs properties to the 

final application.  
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Chapter 4. Optimisation of LiCoO2 cathode material using 

Li7La3Zr2O12 

 

4.1 Introduction 

A battery is a device that converts the chemical energy contained in a material into electrical 

energy, via an electrochemical reaction (oxidation-reduction). Rechargeable lithium batteries, 

are the most widely sold, as they have a high capacity, high charging speed and a long 

lifespan, particularly in portable electronics. Two types of lithium batteries exist: (i) Li-ion 

batteries, which uses intercalation materials of Li+ as negative and positive electrodes; (ii) Li-

metal batteries, where lithium metal is used as negative electrode whereas an intercalation 

material is used at the positive electrode. In the latter case, the oxidation state of Li changes at 

the negative electrode. 

 A lithium battery consists of the assembly of three components: the positive electrode, the 

negative electrode and the electrolyte containing Li+ ions (Figure 4.1). The two electrodes are 

isolated from each other by the separator, which is a porous membrane that avoids electrical 

contact between the electrodes (and therefore internal short-circuits) and allows the transfer of 

ions [1]. During charging, the two electrodes are connected externally to a generator. The 

electrons are forced to be released at the positive electrode and move externally to the 

negative electrode. Simultaneously the lithium ions move in the same direction, but internally 

from positive to negative electrode, via the electrolyte (meaning that the oxidation reaction 

corresponds to a delithiation of the positive electrode). During discharging, the opposite 

occurs: the ions move from the negative to the positive electrode in the electrolyte (the 

reduction corresponds to the lithiation of the positive electrode) [1].   
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Figure 4.1. General scheme of a lithium battery. 

 

Currently, research is focusing on the miniaturisation and mechanical flexibility of lithium 

batteries, in order to be integrated into microsystems. For this application, lithium metal is the 

most commonly used negative electrode. This is due to its very high mass capacity of 

3828 mAh g-1 and its highly reducing properties which allows high battery voltage to be 

achieved. However, the high reactivity of lithium metal with oxygen and water forbids any 

contact with the ambient atmosphere, both when processed and upon use. Those 

microbatteries are made by successive deposition of layers of cathode material, solid 

electrolyte and anode material. These devices can be integrated within autonomous micro 

energy sources, such as micro-sensors or microchips (bank card security); they are also 

suitable for medical applications, such as biochips. The thickness of the different layers can 

vary from a few nanometres to several microns, with the total thickness not exceeding ~100 

µm. The cycling lifetime and theoretical capacity are key electrochemical properties. The 

theoretical capacity, represents the amount of electrical charge stored in the battery and can be 

expressed by the Faraday law (Equation 1): 

Q = x n F

3600 S
  (Ah cm-2)      (1) 

where x represents the number of exchanged electrons, n represents the amount of mole of 

material (mol), F represents the Faraday constant (96400 C mol-1), and S is the electrode area 

(cm2). The thickness of the coatings in microbatteries usually do not exceed 10 µm, so that the 

surface area, and not the mass, is the limiting factor. Unlike conventional batteries, where 

capacity is expressed per mass unit of LCO present in the electrode, it is thus better for 

microbatteries to express it as a function of the surface area of electrode (Ah cm-2). The 
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capacity is the product of the discharge (charge) time and the current imposed on the battery. 

Cycling performance is usually evaluated by the percentage of capacity loss per cycle. 

LiCoO2 (LCO), introduced by the group of J. B. Goodenough [2], remains the most 

commercially successful form of layered transition metal oxide used in positive electrodes 

(Figure 4.2a). It was originally commercialised by SONY, and this material is still used in the 

majority of commercial rechargeable lithium batteries. LCO is a very attractive cathode 

material because of its (relatively) high theoretical specific capacity of 274 mAh g-1, low self-

discharge, high discharge voltage and good cycling performance [3–5]. 

 

Figure 4.2. (a) Scheme of lithium metal battery; (b) Prototype of microbattery from ST 

microelectronics. 

 

Lithium metal batteries are not viable due to the instability of a Li metal/liquid electrolyte 

interface induced by the dendrite growth of lithium. The short circuit of dendrites leads to 

thermal runaway and a risk of explosion. In order to improve safety, the absence of liquid 

electrolyte and associated leakage is essential. To that end, the EnSO project aims at the 

development of lithium solid-state batteries, using solid electrolyte or gel polymer electrolyte 

(GPE) (Figure 4.2b) instead of a liquid electrolyte.  

Previously in the EnSO project, two processes were developed at the Nanomaterials, Catalysis 

and Electrochemistry (NCE) laboratory of the University of Liège [6] by a senior researcher 

for the deposition of thin layers of LCO for microbatteries (Figure 4.3). The first one consists 

in a low-cost water-based process were LCO is ground, calcined at 700 °C and directly 

introduced into water to be sprayed onto a current collector; the spray is performed while 

heating the current collector at 80 °C to allow the fast water evaporation. The second one 

consists in the development of an ethanol-based process, were LCO is ground, calcined and 

functionalised by an amorphous titanium dioxide (TiO2) before dispersion into water and 
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spray onto a current collector [7]. According to the obtained results, the addition of TiO2 first 

provides a better stability of LCO under high cycling conditions. Second, the TiO2 acts as a 

chemical protective agent in order to prevent cobalt dissolution due to the hydrofluoric acid 

(HF) formed during cycling. Indeed, when the battery is running, the electrolyte decomposes 

and forms HF via the reaction: 

 

LiPF6 + H2O → LiF + POF3 + 2HF    (2) 

 

Finally, the TiO2 introduced into the electrode stabilises the LCO particles in ethanol, which 

makes it possible to decrease the deposition temperature from 80 °C (when the electrode is 

processed using water) to 40 °C (using ethanol).  

 

Figure 4.3. Processes previously developed at the NCE laboratory [6, 7]. 

 

To sum up, these processes consist in depositing a ~10 µm thick layer of LCO (positive 

electrode material) using spray-coating without the use of any binder, conductive or 

dispersant additives. However, the spray-coated deposit showed a roughness between 450 nm 

and 800 nm, which is too high compared to the industry requirement (< 100 nm), as well as a 

porosity of 50-60%. The presence of porosity limits the contact between particles and thus the 

motion of lithium ions within the layer. Therefore, the layer porosity leads to a decrease in the 

electrochemical performances of the electrode when a solid electrolyte or GPE is used. 

In order to improve the ionic conductivity, a nanostructured ion-conductive material can be 

added to the electrode. In general, oxide materials are believed to be superior to non-oxide 

materials for reasons of handling and mechanical, chemical, and electrochemical stability [8]. 

Weppner et al. have recently discovered a series of garnet structured solid electrolytes with 
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high lithium ionic conductivities [9–12]. One of these, zirconium-containing lithium garnet 

(Li7La3Zr2O12, LLZO), has received much attention as a next generation solid electrolyte 

because of its high lithium ionic conductivity at room temperature (2 × 10-4 S cm-1) and 

sufficient stability against lithium metal [10–12]. Several solid electrolytes, such as lanthanum 

lithium titanate [13] and sulphide-based glass ceramics [14, 15] display higher lithium ionic 

conductivities. However, such solid electrolytes are unstable against lithium metal [16]. 

Therefore, LLZO seems to be the most suitable material for solid-state Li metal batteries. 

 

 

Figure 4.4. (a) Unit cell of HT-cubic LLZO. (b) Unit cell of tetragonal phase LLZO. 

Reproduced from reference [16]. 

 

Three LLZO polymorphs exist. The first is the high-temperature cubic phase (HT-cubic): this 

crystalline phase gives an ionic conductivity of ~10-4 S cm-1 at room temperature (Figure 

4.4a). However, the HT-cubic phase requires a calcination step at temperatures above 

1120 °C, which is too energy consuming and limits the choice of the layer support; 

furthermore, it is not stable at room temperature [10]. The second polymorph is the tetragonal 

phase (Figure 4.4b). It can be synthesised at temperatures above 800 °C and displays an ionic 

conductivity of ~10-6 S cm- 1 [17]. Finally, the development of low-temperature synthesis 

methods has led to the low-temperature LT-cubic phase. This phase has the same structure as 

HT-cubic, with a larger crystal lattice and a conductivity of ~10-6 S cm-1. The LT-cubic phase 

is stable at room temperature, and can be synthesised by sol-gel process (≤ 700 °C), using the 

so-called Pechini method, to obtain nanocrystallites (~25 nm in size) [17]. The Pechini 

method uses citric acid as a chelating agent, in order to form a homogeneous solution of 

metal/citrate complexes [18]. Given its synthesis conditions and properties, the LT-cubic 
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phase has been selected in the present work to increase the ion conductivity of the LCO 

particles in positive electrode layers. The goal of the study was to improve the positive 

electrode performances, in order to build a solid-state battery using solid electrolyte such as 

Lithium Phosphorous Oxynitride (LiPON) or GPE.  

The main challenge using nanostructured LLZO as ion-conductivity improver was to fill the 

LCO coating porosity (between 50-60%), without changing the electrochemical properties of 

LCO, to finally be able to build an all solid-state battery. To do so, nanostructured garnet-

LLZO particles were first synthesised using the Pechini method [17, 19]. The obtained LT-

cubic phase LLZO was then mixed to the LCO cathode material, and that mix was used in our 

previously-developed water-based process to prepare positive electrodes. These electrodes 

were then assembled with separator, a Li metal negative electrode, and the impact of the 

LLZO presence on the performances of the battery was studied. Note that, as a first step, 

liquid electrolyte was still added to the system. Ultimately, it will be replaced by GPE or solid 

electrolyte in a further study (Chapter 5). 

 

4.2 Experimental work 

4.2.1 Synthesis and physico-chemical characterisation of LT-cubic LLZO 

The LT-cubic LLZO was synthesised by a Pechini sol-gel method using citric acid as organic 

chelating agent and propanol as surface active agent, as presented by Janani et al. [19]. The 

diagram flow chart in Figure 4.5 shows the LLZO synthesis process. The solutions of lithium 

nitrate (LiNO3, Sigma Aldrich, 99.99%), lanthanum nitrate (La(NO3)3.6H2O, Sigma Aldrich, 

99.99%) and zirconium oxynitrate hexahydrate (ZrO(NO3)2.xH2O, Sigma Aldrich, 99.99%) 

were prepared so that the Li:La:Zr ratio was 7:3:2. Two separate cation solutions were first 

prepared. The first solution contained 0.53 g of LiNO3 (10 wt.% excess was added to 

compensate Li loss occurring during calcination at 700 °C) [20] and 1.30 g of La(NO3)3.6H2O 

diluted in 250 mL of deionised water. The second solution contained 0.462 g of 

ZrO(NO3)2.xH2O and 4.61 g of citric acid (Sigma Aldrich, 99.5%) in a 250 mL of deionised 

water. The two solutions were then mixed together with 100 mL of isopropanol (2-Propanol, 

Sigma Aldrich, ≥ 99.5%). The mixture was then heated at 60 °C for 45 min under stirring. 

Finally, the whole solution was put in an oven at 100 °C for gelation and maturation 

overnight. The obtained gel was heated at 250 °C for 1 h to obtain a brown solid. The solid 

was then ground manually to form a powder which was successively calcined at 500 °C for 2 
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h and at 700 °C for 5 h. At the end of the synthesis, 0.8 g of LLZO were obtained and the 

final white powder was then stored in an inert atmosphere as LLZO is moisture sensistive.  

Thermogravimetric measurements were performed after the gel was heated at 250 °C in order 

to follow the thermal evolution, using a Setaram TG-DSC 111 thermoanalyser. To carry out 

this analysis, 10 mg of ground gel dried at 250 °C was heated from 20 to 800 °C at a rate of 

5 °C min-1 in air in a 100 µL platinum crucible. Powders calcined at 500 °C and 700 °C were 

then characterised by X-ray diffraction (Siemens D5000 Cu Kα radiation) to check their 

crystalline properties after heat treatment at various temperature.  

The particle size distribution of the final powder, after calcination at 700 °C, was obtained 

using dynamic light scattering (DLS, Delsa Nano C from Beckman Coulter) in ethanol and 

water. The morphology of the particles was characterised by transmission electronic 

microscopy (TEM, CM100 Philips). To that aim, a small amount of LLZO powder was 

dispersed into ethanol; a drop of the suspension was then deposited onto a microgrid (Agar 

grid hexagonal 200 mesh Copper 3.05 mm, Agar scientific) and dried at room temperature for 

2 h to ensure solvent removal.  

 

Figure 4.5. Diagram flow chart for the synthesis of LLZO. 
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4.2.2  Preparation of the LCO suspensions 

In order to perform the spray-coating onto the current collector, two suspensions of LCO were 

prepared: (i) in water and (ii) in ethanol. This was made in order to study the influence of 

LLZO on the coatings based on the two different processes developed previously at the NCE 

laboratory.  

 

4.2.2.1 LCO suspension in water  

The LCO suspension in water was prepared as presented by Páez et al. [6] using a commercial 

grade LCO. The powder was ground per 6.0 g in a stainless steel jar with 100 g of stainless 

steel beads (3 mm diameter) using a Fritsch pulverisette 6 planetary mill. The grinding was 

performed for 20 cycles at 450 rpm for 5 min and 5 min pause by cycle. After grinding, the 

sample was calcined at 700 °C at a rate of 10 °C min-1 under flowing air (0.1 mmol s-1) and 

the temperature was maintained for 2.5 h. To prepare the suspension, 10.0 g of the obtained 

powder were then dispersed into 500 mL of deionised water. The suspension was stirred for 

90 min, then left in ultrasonicated water bath (42 kHz) for 16 h. The solid in excess was then 

separated from the suspension after 3 h of decanting. The concentration of the suspension was 

determined by taking 3 mL from the LCO suspension, which was placed in a vial and dried at 

120 °C for 1 h. The vial was weighted before and after introduction of the suspension to 

determine the weight of the obtained solid. This operation was repeated three times for 

reproducibility. The solid mass obtained makes it possible to determine the mass 

concentration of the suspension. The final suspension displayed a final concentration of 

~10 g L-1, which was in agreement with the previous work performed at the NCE laboratory 

[6].  

 

4.2.2.2 LCO suspension in ethanol 

The LCO commercial grade powder was ground at 450 rpm and calcined at 700 °C as 

mentioned before. The LCO powder was then functionalised with ~1.5 wt.% of titanium 

dioxide (TiO2) using a process developed and patented previously at the NCE laboratory 

(results to be published) [7]. To do so, two solutions were prepared at room temperature. The 

first solution (S1) was obtained by mixing 38 mL of titanium (IV) isopropoxide (Sigma 

Aldrich, 97% purity) and 206 mL of 2-methoxyethanol (Sigma Aldrich, 99.9%) for 1 h. The 
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second solution (S2) was prepared by adding 5.2 mL of deionised water to 206 mL of 2-

methoxyethanol, and mixing for 1 h. Under high stirring (450 rpm), 6 g of the ground and 

calcined LCO powder was dispersed in methoxyethanol at 60 °C (S3). When the temperature 

was stable, 1.55 mL of the S1 was added to S3. After 3 h of stirring, 1.55 mL of S2 was added 

to the previous solution and stirred at 60 °C for 16 h in a closed vial. The solvent was then 

evaporated using rota evaporation and the resulting LCO functionalised with TiO2 (labelled 

LCOTiO2) was dried at 150 °C at 2000 Pa for 16 h.  

Finally, the suspension to be used for electrode manufacture was prepared by adding 20 g of 

the LCOTiO2 to 1 L of ethanol. The suspension was first stirred at 450 rpm for 1 h and put into 

ultrasonicated bath (42 kHz) for 16 h. The solid in excess was then separated from the 

suspension after 3 h of decanting. The concentration of the suspension was determined by 

taking 3 mL from the LCOTiO2 suspension; these 3 mL were placed in a vial and dried at 

120 °C for 1 h. The solid mass was then determined by weighting. This operation was 

repeated three times for reproducibility. The mass concentration of the suspension was ~10 

g L-1.  

 

4.2.3 Electrode Preparation 

Stainless steel (SS) 304 disc of 1.88 cm² area and 0.5 mm thick were used as supports to 

deposit the electrode material. This stainless steel disc will constitute the current collector of 

the positive electrode in the assembled battery. 

4.2.3.1 LLZO deposition 

Before spraying, the stainless steel discs were weighted and fixed onto a larger support so that 

they do not move during the spray process. Pure LLZO powder was sprayed onto stainless 

steel disc in order to test its stability. To do so, 600 mg of the powder were introduced in 30 

mL of ethanol and left for 1 h in ultrasonic bath (42 kHz). Then, the 10 g L-1 solution was 

sprayed onto the stainless steel disc heated at 40 °C using a Fuso Seiki Lumina STS-10 spray 

gun mounted on a robotised arm (Figure 4.6). A circulation pump was used in order to avoid 

at best the powder precipitation in the spray gun. The discs were weighted before and after 

deposition to ensure a homogeneous deposition of the LLZO. After deposition, the coatings 

were then stored in an inert atmosphere as LLZO is moisture sensistive. 
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Figure 4.6. Deposition of LLZO using the robotised spray-coater. (a) LLZO suspension in 

ethanol; (b) Circulation pump; (c) Stainless steel disc; (d) Spray gun.  

 

4.2.3.2 Deposition of LCO and LCOTiO2 suspensions 

All LCO suspensions were deposited using the set up presented in Figure 4.7. Before 

spraying, the stainless steel discs were weighted and fixed onto a larger support so that they 

do not move during the spray process. To spray 10 mg of cathode material (LCO or LCOTiO2) 

onto the stainless steel disc, 500 mL of the LCOTiO2 (or LCO in water) suspension were 

needed. The suspensions were sprayed onto stainless steel disc heated at 40 °C using a 

Nordson EFD 781S, spray gun. After spraying the electrodes were heated at 350 °C at 

10 °C min-1 rate for 1 h. 

 

4.2.3.3 Deposition of LCOTiO2 + LLZO suspension 

First, the concentration of the suspension was determined by taking 3 mL from the LCOTiO2 

suspension; these 3 mL were placed in a vial and dried at 120 °C for 1 h. The solid mass was 

then determined by weighting. This operation was repeated three times for reproducibility. 

The mass concentration of the suspension was ~9-10 g L-1.  

To obtain LCOTiO2 + LLZO suspensions with various LLZO content (15, 30, 45 and 60 

wt.%), LLZO was added to the LCOTiO2 suspension according to Equation 3 and highly 

stirred for 5-6 h.  



125 

 

𝑚𝐿𝐿𝑍𝑂

𝑚𝐿𝐶𝑂+𝑚𝐿𝐿𝑍𝑂
𝑥100 = 𝑤𝑡. %    (3) 

The obtained suspensions are labelled LCOTiO2 + LLZO 15%, LCOTiO2 + LLZO 30%, 

LCOTiO2 + LLZO 45% and LCOTiO2 + LLZO 60%. Before spraying, the stainless steel discs 

were weighted and fixed onto a larger support so that they do not move during the spray 

process. The suspension under stirring was then sprayed at room temperature onto stainless 

steel disc in order to obtain 10 mg of active material (LCOTiO2) per disc. The deposition 

resulted in positive electrode material with 12 samples from each mixed LCOTiO2 and LLZO 

suspension.  

  

 

Figure 4.7. Spray coater set-up for the deposition of LCO and LCOTiO2 without circulation 

pump. (a) Magnetic stirrer; (b) 500 mL glass bottle for the suspension; (c) Spray gun; (d) 

Spray heating plate. 

 

After the cathode material was sprayed, the electrodes were heated at 350 °C at 10 °C min-1 

rate for 1 h and ready for characterisation. The coatings were characterised by X-ray 

diffraction and ESEM-EDX (ESEM-FEG XL-30 Philips, Esprit 1.9 software). The open 

porosity of the film was characterised by Archimedes’ method [21] using PEG (average 

molecular weight 200, Acros Organics, ρPEG = 1.125 g cm-3) as solvent. The principle of 

Archimedes’ method is to saturate the pores by a liquid (here PEG). Knowing the volume of 

liquid required to saturate the porous material, its open porosity can be deduced. After the 

physico-chemical characterisation of the powders/suspensions/electrodes, only the electrodes 

containing 15% and 30% LLZO were retained for electrochemical characterisation. 
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4.2.4 Electrochemical characterisation 

4.2.4.1 Set-up for LLZO characterisation  

The coin cell (CR2032) was set-up in a glove box filled with argon (MBraun 200B). The 

LLZO coating was introduced into a coin cell (CR2032) where LLZO was at the positive side 

and lithium foil was at the negative side; the two electrodes were separated with two Celgard 

2730 membranes wetted with lithium hexafluorophosphate (LiPF6 in ethylene 

carbonate/diethylcarbonate, 1:1, w/w, Merck), used as liquid electrolyte (Figure 4.8). A spacer 

and a spring were added to spread the pressure. Finally, the positive case was added and the 

coin cell closed using a hydraulic crimper (MSK 110, MTI). The stability of the LLZO was 

checked using cyclic voltammetry (CV multichannel Bio-Logic VMP3) in the range of 3-4.2 

V vs. Li+/Li at 0.1 mV s- 1 rate (10 cycles) at room temperature. The CV measurements were 

performed in the same electrochemical window as in the case of a classical LCO/Li battery. 

During CV, the potential range of the battery was varied at a specific rate, in order to detect 

any current relative to an electrochemical reaction involving LLZO.  

 

 

Figure 4.8. LLZO characterisation set-up. 
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4.2.4.2 LCO characterisation set-up 

The LCO and LCOTiO2 coatings were included into a coin cell set-up as shown previously. 

The coin cells were characterised using galvanostatic cycling with potential limitation 

(GCPL) between 3.0 and 4.2 V vs. Li+/Li at 1, 2, 4, 7, and 10 C rates for five cycles each and 

a recovering cycling at 1 C for 30 cycles (GCPL on multichannel Bio-Logic VMP3). 1 C 

corresponds to 1 h of charge and 1 h of discharge and 10 C correspond to 6 min of charge and 

6 min of discharge. GCPL is a common technique used to define the capacity of the battery 

and to check its stability as a function of the number of charge and discharge cycles.  

 

4.2.4.3 LCOTiO2 + LLZO characterisation set-up 

The two selected coatings (LCOTiO2 + LLZO 15% and LCOTiO2 + LLZO 30%) were included 

into a coin cell to determine their electrochemical properties using liquid electrolyte (lithium 

hexafluorophosphate, LiPF6 in ethylene carbonate/diethylcarbonate, 1:1, w/w, Merck). The 

set-up of the coin cell is the same as that in section 2.4.1, except that LLZO is replaced by the 

positive electrode material. The coin cell (CR2032) was set-up in a glove box filled with 

argon (MBraun 200B). The Li metal foil (negative electrode) and two separators (Celgard 

2730 membranes) were introduced into the negative case. Then 80 µL of liquid electrolyte 

were deposited onto the separators. The mixed LCOTiO2 + LLZO 15% or LCOTiO2 + LLZO 

30% coatings used as cathode material were deposited facing the separators. A spacer and a 

spring were added to spread the pressure. Finally, the positive case was added and the coin 

cell was closed using a hydraulic crimper (MSK 110, MTI). Galvanostatic cycling with 

potential limitation (GCPL) was performed as explained in section 4.2.4.2.  

As LCOTiO2 + LLZO 30% led to better preliminary results (see section 4.3.4.4), three identical 

samples of the series (A, B, C) were chosen for further work. The cyclic voltammetry (CV) of 

LCOTiO2 + LLZO 30% were conducted for 10 cycles on sample A using a multichannel Bio-

Logic VMP3 at room temperature. The CVs were measured at 0.1 mV s-1 scan rate between 

3.0 and 4.2 V vs Li+/Li. While sample A was being characterised by CV, GCPL was 

performed on samples B and C between 3.0 and 4.2 V vs. Li+/Li at 1 C for 100 cycles.  
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4.3 Results and discussion 

4.3.1 Synthesis and physico-chemical characterisation of the LT-cubic 

LLZO 

The synthesis of garnet-like LLZO was performed using a low temperature sol-gel process, 

and physico-chemical characterisations were done in order to ensure that the low temperature 

cubic form (LT-cubic LLZO) was indeed obtained. The thermogravimetric analysis (TGA) 

coupled with a calorimetric measurement (DSC) analysis was performed in air using the gel 

calcined at 250 °C; the obtained curves up to 800 °C are shown in Figure 4.9. In parallel, the 

material was characterised by X-ray diffraction after calcination at 500 °C and 700 °C, to 

check the crystalline properties, as shown in Figure 4.10a. DLS was performed to get an idea 

of the particle size of the final powder after calcination at 700 °C and results are presented in 

Figure 4.10b. Finally, transmission electron microscopy (TEM) was used to determine the 

particle morphology and size of the material calcined at 700 °C: corresponding micrographs 

are shown in Figure 4.10c.  

The TGA (Figure 4.9) allows to follow the weight loss of the sample as a function of 

temperature (black curve) while the DSC provides information about the exothermicity of the 

reaction associated with the loss of mass (grey dashed curve). The weight loss between 60 and 

160 °C can be attributed to the evaporation of remaining water [19]. The thermogravimetric 

curve shows (i) two significant mass losses between 300 °C and 700 °C, (ii) three exothermic 

peaks at 300, 450 and 575 °C, and (iii) one endothermic peak at 725 °C. The first two 

exothermic peaks between 300 and 450 °C correspond to a 40% mass loss that can be 

ascribed to the evaporation of reagents. The third exothermic peak between 470 and 600 °C 

corresponds to a loss of ~20% mass, and is associated with the degradation and oxidation of 

residual organic compounds. The endothermic peak observed at ~720 °C corresponds to no 

mass loss and is characteristic of the transition from the low temperature cubic phase of 

LLZO to the tetragonal phase of LLZO. This transition phase was probably possible because 

of the close lattice between low temperature LLZO and the tetragonal phase [22]. 
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Figure 4.9. TG-DSC analysis performed on the LLZO gel dried at 250 °C. Heat flow (dashed 

grey curve), TG analysis (black curve). 

 

Garnets are orthosilicates with the general structural formula AII
3B

III
2(SiO4)3, where A and B 

refer to eight-coordinated and six-coordinated cation sites [23]. The XRD diffractogram in 

Figure 4.10a shows the influence of the calcination temperature on the different steps of the 

synthesis. After a calcination at 500 °C in air for 2 h, nanocrystalline pyrochlore (La2Zr2O7) is 

present. At this calcination temperature, the La2Zr2O7 is the only crystallographic phase 

detected [19, 22, 24]. When the gel is calcined at 700 °C, even if trace amounts of La2Zr2O7 

are still detected, the expected garnet cubic-LLZO phase is formed and matches with typical 

cubic garnet structure (JCPDS 45-109). The size of the crystallites can be calculated from the 

full width at half maximum of the peak as [25]: 

𝑡 =
𝑘  𝜆

𝛽1/2 𝑐𝑜𝑠(
2𝜃

2
)
      (4) 

where t is the average crystallite size in the direction perpendicular to the planes (hkl),  is the 

incident wavelength, k is a constant (0.89 for spherical particles), θ is the Bragg angle 

(radians), 1/2 is the full width at half maximum (radians) [26]. The calculated size of the 

crystallites was about 20-30 nm, which is confirmed by the TEM images in Figure 4.10c. The 

DLS has shown that the powder is made of particles of 300-400 nm (Figure 4.10b). As a 

conclusion, the LLZO powder obtained from the sol-gel method used is made of 350-400 nm 

particles composed of 20-30 nm cubic crystallites after calcination at 700 °C. 
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Figure 4.10. (a) XRD analysis of the powder calcined at 500 °C and 700 °C; (⚫) position of 

the La2Zr2O7 peaks. (b) DLS measurement in ethanol of the LLZO powder after calcination at 

700 °C. (c) TEM image of the LLZO powder calcined at 700 °C. 

 

To obtain a better dispersion of the LLZO crystallites, DLS measurement were also 

performed in water compare with ethanol; results are presented in Figure 4.11a and Figure 

4.11b. In the case of measurements in ethanol (Figure 4.11a), the maximum of the peak is 

located around 400 nm. When water is used (Figure 4.11b), that maximum is shifted to ~200 

nm with a smaller disparity of the size of the particles. The LLZO tends thus to dispersed 

better in water than ethanol and form smaller aggregates. This result suggests that mixing 

LCO and LLZO in water should lead to a better distribution of the LLZO particles within the 

electrode coating. 
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Figure 4.11. LLZO particle size distribution measured by DLS (a) in ethanol and (b) in water. 

 

4.3.2 Preparation of LCO suspensions 

4.3.2.1 LCO suspension in water vs. LCOTiO2 in ethanol 

Pure LCO powder was introduced in water, and sprayed onto stainless steel disc heated at 

80 °C, to obtain a homogeneous coating. In order to decrease the temperature deposition, 

LCO was also dispersed in ethanol to perform the coating. To do so, the LCO powder was 

first functionalised with TiO2 in order to stabilise the particles in ethanol, improve the ionic 

conductivity into the cathode film and allow the deposition of a higher amount (5 mg cm-2) of 

LCOTiO2. Moreover, LCO and TiO2 simultaneously provide: (i) an open porosity network 

allowing an excellent impregnation with the liquid electrolyte and low tortuosity, (ii) an 

adequate packing density developing continuous paths for electron conduction, and (iii) high 

electrochemical stability. The open porosity of the cathode material was evaluated using 

Archimedes’ method and calculated using Equation 5.  

P%= 

mPEG
ρPEG

mPEG
ρPEG

+
mLCO
ρLCO

x 100      (5) 

where mPEG correspond to the masse of polyethylene glycol (g), PEG represents the 

polyethylene glycol density (g cm-3), mLCO is the masse of lithium cobalt dioxide (g), and LCO 

the lithium cobalt dioxide density (g cm-3). The open porosity of the LCO coating from the 

suspension in water was 50% and the LCOTiO2 coating from the suspension in ethanol was 

around 55%. 
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4.3.2.2 Preparation of LCO-LLZO suspension 

Different amounts of LLZO were added in the LCOTiO2 suspension. The obtained suspensions 

were sprayed onto the stainless steel disc. During spraying, the spray nozzle was often 

clogged when using the suspensions with 45 wt.% and 60 wt.% of LLZO, which led to an 

inhomogeneous coating in both cases (Figure 4.12).  

 

Figure 4.12. Picture showing an example of inhomogeneous deposition of LCOTiO2 + LLZO 

45% suspension. The same inhomogeneous deposition was obtained for the LCOTiO2 + LLZO 

60% suspension. 

 

The porosity obtained was 50% for a coating made of LCOTiO2 + LLZO 15%, and 40% for a 

coating made of LCOTiO2 + LLZO 30%. The open porosity was about 50% for the coating 

made of LCOTiO2 + LLZO 45% and LCOTiO2 + LLZO 60%. Note that the coatings made with 

45 wt.% and 60 wt.% of LLZO have been discarded due to the impossibility to obtain 

homogeneous coatings. No further work was performed on these coatings. 

 

Table 4.1. Open porosity measured using Archimedes’ method. 

LLZO amount (wt.%) Open Porosity (%) 

0 55 

15 50 

30 40 

 

4.3.3  Electrode preparation 

4.3.3.1 Pure LLZO  

The LLZO suspension was deposited directly onto stainless steel disc using spray coating. 

The LLZO coating were homogeneous as shown in Figure 4.13. The suspension was evenly 

deposited on the substrates resulting in a mass of 2 ± 0.15 mg on each disc. 
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Figure 4.13. Picture showing the LLZO deposited on stainless steel disc. 

 

4.3.3.2 LCOTiO2-LLZO 

The LCOTiO2-LLZO suspensions containing 15 wt.% of LLZO and 30 wt.% of LLZO were 

deposited using spray-coating onto stainless steel disc (Figure 4.14). In each case, the material 

was evenly deposited on the substrates. In the case of the LCOTiO2 + LLZO 15% suspension,  

a total mass of 11.5 ± 0.2 mg was deposited, which correspond to 9.3 mg LCOTiO2 and 1.7 mg 

LLZO per disc; in the case of the LCOTiO2 + LLZO 30% suspension, 15.3 ± 1.0 mg were 

deposited, which correspond to 10.7 mg of LCOTiO2 and 4.6 mg of LLZO per disc.  

 

 

Figure 4.14. LCOTiO2-LLZO 30% deposited on stainless steel disc. 

 

The coatings were characterised by XRD and ESEM. Figure 4.15 presents the characterisation 

results for the electrode containing 30 wt.% LLZO; results obtained with 15 wt.% LLZO are 

quite similar. The diffractogram of the electrode LCOTiO2 + LLZO 30% show the presence of 

LLZO (signal around 2θ = 15°) and LCOTiO2 (signal at 2θ = 20°) (Figure 4.15a). 
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Figure 4.15. LCOTiO2 + LLZO 30% electrode material. (a) XRD diffractogram: peaks 

corresponding to (◼) LCOTiO2 and (⚫) LLZO; (b) ESEM image with a zoom in the inserted 

figure. 

 

Characterisation by environmental scanning electron microscopy (ESEM) made it possible to 

observe the morphology of the layer deposited by spray-coating, as shown in Figure 4.15b. In 

the inserted picture (Figure 4.15b), one can observe particles of different sizes; however, it is 

difficult to distinguish the LLZO particles from the LCOTiO2. ESEM technique was coupled to 

Energy Dispersive X-ray (EDX) analysis to check for the sample chemical homogeneity. In 

EDX, the impact of electrons on the sample produces X-rays that are characteristic of the 

elements present in the sample. The analysis can be used to determine the elemental 

composition of individual points or to map the distribution of elements from the digitised area 

in the form of an image. However, sensitivity is limited for elements with low atomic number 

Z; therefore, lithium is not detectable by this technique. Figure 4.16a represents the area 

which has been scanned. Figure 4.16b-e show the maps obtained by EDX analysis for the 

different element (Co, O, La, Zr, respectively). Figure 4.16f combines the cartography of all 

the elements detected. 

Since oxygen is present in both LLZO and LCOTiO2, the particles cannot be differentiated 

from each other using the O cartography. However, lanthanum and zirconium are not present 

in the same places as cobalt and are therefore representative of the position of the LLZO 

particles. EDX results show that the distribution of LLZO particles within the layer is 

homogeneous at the µm scale, meaning that no large aggregates of LCO (without LLZO) or 

LLZO (without LCO) were detected. 
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Figure 4.16. EDX mapping of LCOTiO2 + LLZO 30% cathode material, (a) ESEM image of 

the area for mapping, (b) Co mapping, (c) O mapping, (d) La mapping, (e) Zr mapping, (f) 

combined cartography of Co, O, La and Zr. 

 

4.3.4 Electrochemical measurements 

As explained in the introduction, it is better to express the capacity of the microbattery as a 

function of the surface area of material deposited (mAh cm-2). Here the capacity is 

represented as a function of the mass of LCO (mAh g-1) and as a function of the surface area 

coating (mAh cm-2). 

4.3.4.1 Characterisation of LLZO 

The stability of the LLZO in the chosen voltage window was checked by performing a CV at 

a scanning rate of 0.1 mV s-1 from 3.0 V to 4.2 V vs. Li+/Li; results obtained in the same 

voltage window with a coating made of LCOTiO2 are shown to make sure that the signal 

obtained with pure LLZO is negligible compared to that of LCOTiO2. Note that the LCOTiO2 

CV curve will be discussed in the next section. As presented in Figure 4.17a, the LLZO was 

completely stable in the range of 3.0-4.2 V vs. Li+/Li: indeed, no redox peak is observed in 

that range for the curve related to pure LLZO (blue curve). Figure 4.17b shows a zoom of the 

LLZO curve: a signal is visible, but the very low current confirms the stability of the LLZO in 

this measurement range. 
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Figure 4.17. Cyclic voltammetry (CV) within the voltage range of 3.0 to 4.2 V vs. Li+/Li at a 

scanning rate of 0.1 mV s-1. (a) (▬) LLZO compared to (▬) LCOTiO2. (b) Zoom of the CV 

performed on the LLZO coating.  

 

4.3.4.2 Characterisation of LCO coatings prepared in water vs. ethanol  

Figure 4.18 compares the charge/discharge capacity variation at different cycling rates (5 

cycles at 1, 2, 4, 7 and 10 C; then 30 cycles at 1 C for recovery) for the two LCO electrodes 

prepared using (i) a suspension of LCO in water (Figure 4.18a) and (ii) a suspension of 

LCOTiO2 in ethanol (Figure 4.18b).  

In the case of LCO in water, the charge and discharge curves are superimposed and show the 

same behaviour. The capacity is not stable even at slow rate and tends to decrease with time. 

After only 5 cycles at 1 C, the system goes to 95% (135 mAh g-1) of its initial capacity, 86% 

(125 mAh g-1) after 5 cycles at 2 C and 70% (100 mAh g-1) after 5 cycles at 4 C. At higher 

charge/discharge rates (7 and 10 C) the capacity fades completely. Coming back to 1 C, the 

system recovers and the capacity decreases continuously while cycling.  

In the case of the electrode prepared from LCOTiO2 suspension in ethanol (Figure 4.18b), the 

system is slightly more resilient at high cycling rate (7 and 10 C), but it still loses 96% of its 

capacity at 10 C. When coming back to 1 C, the obtained electrode seems more stable. 
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Figure 4.18. (⚫) Charge and (⚫) discharge capacity obtained at 1, 2, 4, 7, 10 C (5 cycles 

each) and at 1 C during 30 additional cycles. Electrodes prepared using a suspension of (a) 

LCO in water and (b) LCOTiO2 in ethanol. The capacity is represented as a function of the 

mass of LCO (mAh g-1). 

 

Coating the LCO on the current collector using a suspension in water is an interesting process, 

because of its ease to prepare the solution to spray. However, the electrode prepared from 

LCOTiO2 in ethanol shows better performance: even if the battery loses 96% of its capacity at 

high rate (7 C and 10 C), it shows a good stability over cycling at lower rate (1, 2, 4 C). LCO 

functionalised with TiO2 in ethanol will thus be used for the next experiments, where various 

mass fractions of LLZO were added. 

 

4.3.4.3 Characterisation of LCOTiO2 coatings by cyclic voltammetry 

Cyclic voltammograms of LCOTiO2 (1
st and 10th cycles) obtained in the range of 3.0 to 4.2 V 

vs. Li+/Li are represented in Figure 4.19a. The 1st cycle shows an oxidation peak at ~4.05 V 

vs. Li+/Li which is shifted at ~3.99 V vs. Li+/Li for the 10th cycle. In parallel, the reduction 

peak at ~3.83 V vs. Li+/Li is shifted to ~3.85 V vs. Li+/Li. LCO (Figure 4.19b) usually 

displays a reversible electrochemical potential at 3.93 V vs. Li+/Li, which is typical of the 

hexagonal phase. The shift may be due to a tiny modification of the crystallographic phase by 

the finctionnalisation of LCO by TiO2. The diffusion rate of lithium ions and electrons is 

probably modified by the addition of this amorphous TiO2 layer on the surface of the LCO, 

this could also explain the shift observed. 
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Figure 4.19. Electrochemical characterisation of (a) LCOTiO2 (▬) 1st cycle, (▬) 10th cycle 

and (b) LCO non functionnalised by cyclic voltammetry in the voltage range of 3.0 to 4.2 V 

vs. Li+/Li at scanning rate of 0.1 mV s-1.  

 

4.3.4.4 Characterisation of LCOTiO2 + LLZO coatings  

Figure 4.20 compares the electrochemical properties of coatings prepared using LCOTiO2, 

LCOTiO2 + LLZO 15% and LCOTiO2 + LLZO 30%. Here, the discharge capacity is represented 

as a function of the number of cycles at rates of 1, 2, 4, 7 and 10 C. All capacities are reported 

per mass unit of LCO present in the electrode. For the LCOTiO2 electrode, when the rate 

increases to 10 C, the electrode loses all its capacity and recovers at 1 C. When adding 15 

wt.% LLZO, the initial capacity of the electrode is slightly lower (115 mAh g-1) than that of 

the functionalised LCOTiO2 alone (130 mAh g-1); the same phenomenon is observed when 30 

wt.% of LLZO is added (100 mAh g-1). When 15 wt.% of LLZO is added, the capacity of the 

battery decreases from 115 mAh g-1 to 0 mAh g-1 when the cycling rate increases from 1 C to 

10 C. When the rate goes back to 1 C, the discharge capacity first varies between 115 mAh g-1 

and 85 mAh g-1 to finally stabilise at 80 mAh g-1. After the stress was applied, the battery that 

contains 15 wt.% LLZO recovers 70% of its initial capacity, while the battery with LCOTiO2 

recovers 92%. Interestingly, when 30 wt.% of LLZO is added, the discharge capacity of the 

battery only decreases to 65% when the cycling rate is increased to 10 C and the system 

recovers 90% of its initial discharge capacity when going back to 1 C. Adding 30 wt.% of 

LLZO thus improves the discharge capacity of the battery at high cycling rate.  
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Figure 4.20. Comparison of discharge capacity obtained at rate 1, 2, 4, 7 and 10 C (5 cycles 

each) and 1C during the last 30 cycles for electrodes without and with LLZO. (◆) LCOTiO2, 

(⚫) LCOTiO2 + LLZO 15%, (×) LCOTiO2 + LLZO 30%. Capacities expressed in mAh g-1 are 

reported per mass unit of LCO present in the electrode. 

 

Figure 4.21 shows the charging and discharging capacity obtained at different cycling rate. 

Comparing to the discharging curve, which is stable, the charging curve shows high 

“capacity” after cycling at high rate (7 and 10 C). These values are certainly not related to the 

disinsertion of Li+ from the LCO since it is not retrieved during insertion (discharge). The 

reasons for the discrepancy between charging and discharging could be due to (i) side 

reactions during charging or (ii) connection issues during the battery assembly, probably 

leading to small short circuits.  
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Figure 4.21. (⚫) Charging and (⚫) discharging capacity obtained at rate 1, 2, 4, 7 and 10 C (5 

cycles each) and 1C during the last 30 cycles. (a) LCOTiO2 + LLZO 15%, (b) LCOTiO2 + 

LLZO 30%. Capacities expressed in mAh g-1 are reported per mass unit of LCO present in the 

electrode. 

 

To check for any side reaction during charge and discharge, cyclic voltammetry was 

performed. Figure 4.22a shows the 1st and 10th voltammetry cycles (CV) of the LCOTiO2 + 

LLZO 30% electrode (sample A) in the voltage range of 3.0 to 4.2 V vs. Li+/Li at a scanning 

rate of 0.1 mV s-1. For the first cycle, the voltamogram displays oxidation peaks at 3.99, 4.08 

and 4.19 V vs. Li+/Li; the corresponding reduction peaks are located at 3.85, 4.03 and 4.15 V 

vs. Li+/Li. These peaks are characteristic of LCO [6, 27].  For the 10th cycle, the current 

intensity tends to increase. When the CV is reproduced onto the same sample after GCPL 

characterisation (Figure 4.22b), the oxidation peaks at 4.15 and 4.19 V are still present and 

characteristic of LCO. However, the reduction peaks are not clearly discernible. Kim et al. 

[12] suggested that this phenomenon can be explained by the formation of La2CoO4 at the 

LLZO/LCO interface when the composite is calcined. Moreover this curve shape 

modification may be due to the formation of other oxidised components, such as Li2CO3, on 

the LLZO surface through reaction with remaining water and CO2 [28, 29]. However, the CV 

results do not explain the charging issues observed in Figure 4.21. The discrepancy observed 

between charging and discharging were thus probably due to issues in the battery set-up. 

These effects, which are quite irregular, are sometimes observed with coin cell assemblies. 
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Figure 4.22. Cyclic voltammetry of LCOTiO2 + LLZO 30% in the voltage range of 3.0 to 4.2 

V vs. Li+/Li at scanning rate of 0.1 mV s-1. (a) Sample A, (▬) 1st cycle and (▬) 10th cycle; (b) 

reproduction of CV measurement of sample A after GCPL at different cycling rates. 

 

Sample A was analysed for one cycle of charge/discharge at C/2 (2 h of charging and 2 h of 

discharging), as presented in Figure 4.23a. The charging curve reaches 4.2 V vs. Li+/Li with a 

capacity of 200 mAh g-1, which is higher than the theoretical capacity of LCO (140 mAh g- 1). 

The discharge of the battery occurs faster than usual, delivering a capacity of ~125 mAh g-1 

only. In addition, the voltage is not stable. Two other samples, B and C, still prepared using 

LCOTiO2 + LLZO 30%, were analysed for reproducibility; Figure 4.23b and Figure 4.23c 

show the 1st cycle results for these two additional samples. Sample B (Figure 4.23b) was not 

able to reach 4.2 V vs. Li+/Li during charging, and displays a capacity of ~115 mAh g-1, 

which is lower than the theoretical value [6]. Sample C charge and discharge curves (Figure 

4.23c) are characteristic of Li metal battery. Moreover, the LCOTiO2 shows a capacity of ~138 

mAh g-1 which is really close to the theoretical value. The difference between samples is 

much probably due to connection issues during the battery assembly, which led to short 

circuits for sample A. Differences between samples B and C can partly be explained by a 

slight difference of the mass of material deposited (Table 4.2). All these results show that the 

building of a battery using these components is not straightforward and can lead to 

reproducibility issues due to assembly. 
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Figure 4.23. Analysis of three LCOTiO2 + LLZO 30% coatings by cycling at C/2 (1st cycle): 

(▬) charge and (▬) discharge curves. (a) Sample A, (b) sample B and (c) sample C. All 

capacities are reported per mass unit of LCO present in the electrode. 

 

Table 4.2. Mass of LCOTiO2 + LLZO 30%. 

 Sample A Sample B Sample C 

LCOTiO2+LLZO 30% (mg) 14.2 15.6 16.7 

 

In order to check the stability of samples B and C, the galvanostatic cycling with potential 

limit (GCPL) technique was used. Here, the experiment was performed between 3.0 and 4.2 V 

vs. Li+/Li at 1 C rate for 100 cycles. Figure 4.24a and Figure 4.24b show the graphs obtained 

with samples B and C, respectively. Sample B shows tiny capacity variation between 90 

mAh g-1 and ~100 mAh g-1 the first 30 cycles. From the 30th to the 70th cycle, the capacity 

increases up to 125 mAh g-1, to finally decrease down to 100 mAh g-1 from the 70th cycle to 

the end. Sample C shows an important variation between 125 mAh.g-1 and 110 mAh g-1 

during the first 30 cycles. From the 30th cycle to the end, the capacity is decreasing until it 

reaches ~95 mAh g-1. 
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Figure 4.24. Discharge GCPL curves of LCOTiO2+ LLZO 30% electrodes for cycling at 1C 

between 3.0 and 4.2 V vs. Li+/Li. (a) Sample B; (b) sample C. Capacities expressed in mAh g-

 1 are reported per mass unit of LCO present in the electrode. 

 

The above results show that the electrochemical performances of the LCOTiO2/LLZO cathode 

material are scattered, probably due to assembly issues. Nevertheless, the characterisation by 

galvanostatic cycling with potential limit performed at different charge and discharge rates 

(1 C being the lowest rate and 10 C the highest) showed that adding 30 wt.% LLZO allows to 

better handle the stress than in the case of a classical LCOTiO2 electrode. In some samples, the 

cycling performance was however low but, in good measurement conditions, the addition of 

LLZO does not change the electrochemical properties of the LCOTiO2 system, as a capacity of 

~138 mAh g-1 is observed for electrodes with and without LLZO (Figure 4.23c).  

 

4.4 Conclusion  

The main objective of this chapter was to improve the performances of LCO electrodes 

previously developed by a senior researcher of the NCE laboratory, so that the LCO electrode 

can eventually be used in an all-solid system in combination with a solid or GPE type 

electrolyte. To do so, the strategy used here was to fill the porosity of the LCO layers 

(typically 50-60% of the coating volume), with a nanostructured material with good ionic 

conductivity: LLZO. The goal of the LLZO introduction, was to improve the ionic 

conductivity of the electrode without changing its electrochemical properties.  

For this purpose, garnet-type low-temperature cubic LLZO was synthesised by sol-gel 

process. Even if XRD analysis showed trace amounts of La2Zr2O7, the expected crystalline 
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phase was formed and matched with typical cubic garnet (JCPDS 45-109). The LLZO powder 

obtained from the sol-gel process displayed 350-400 nm particles made of 20-30 nm cubic 

crystallites.  

Different amounts of cubic LLZO (15, 30, 45, 60 wt.%) were introduced into a suspension of 

LCO (functionalised with TiO2 – i.e. LCOTiO2) in ethanol. Among these suspensions, only 

those containing 15 and 30 wt.% were selected because they were stable during spray coating. 

The open porosity of the LCOTiO2 + LLZO 15% and LCOTiO2 + LLZO 30% coatings were 

characterised using Archimedes’ method. The open porosity was decreased down to 40% 

when 30 wt.% of LLZO was added. The LCOTiO2 + LLZO 30% coating were characterised 

using environmental scanning electronic microscopy (ESEM). ESEM showed smooth surface 

and was coupled with EDX analysis to demonstrate that the LLZO particles seems to be 

evenly distributed.  

Electrochemical characterisation proved hard to reproduce, probably due to battery assembly 

issues. In some cases, this resulted in very high charging capacities, maybe due to short-

circuits, and to scattered results. This shows that the battery assembly is not straightforward 

and has to be done with caution. However, despite these issues, the electrochemical 

characterisations have shown that the addition of 30 wt.% of LLZO did not alter the 

electrochemical properties of LCO, and allowed the cathode system to handle better the stress 

applied by rapid charge and discharge cycles. LCO + LLZO 30% made it possible to obtain a 

capacity close to classical Li-ion battery with good cycling stability after 100 cycles. The final 

goal being to reach a fully solid system, the LCO + LLZO 30% coating will thus be combined 

with a gel polymer electrolyte developed by a senior researcher of the laboratory. This study 

is the subject of Chapter 5. 
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 Combination of the optimised LCOTiO2/LLZO 

cathode material with GPE electrolyte 

 

 Introduction 

Traditional lithium batteries suffer from safety issues because of the use of highly flammable 

organic liquid electrolyte. Those electrolytes have low thermal stability and low flame point 

so that it is easy to cause fire accident and explosion in case of leakage [1, 2]. Within this 

framework, the EnSO project aims at the development of fully solid Li-metal microbatteries, 

using solid electrolyte or gel polymer electrolyte (GPE). To do so, a process was previously 

developed at the Nanomaterial Catalysis Electrochemistry (NCE) laboratory of the University 

of Liège for the deposition of thin film layers of lithium cobalt oxyde (LCO) for 

microbatteries. This process consists in the deposition of LCO functionnalised with titanium 

dioxyde (TiO2), as it provides better stability of the LCO under high cycling conditions. When 

the LCO positive electrode was deposited using spray-coating, an open porosity of 50-60% 

was noticed. The presence of porosity limits the contact between particles and thus the flow of 

lithium ions in the layer. This open porosity is not a problem as long as liquid electrolyte is 

used, since it usually fills the voids between particles. However, ionic conduction is not that 

easy in the case a solid electrolyte or GPE is used since one cannot guarantee that its 

deposition on top of the electrode will lead to good contact between the LCO particles and the 

electrolyte, leading to a decrease of the electrochemical performances of  the battery. A good 

alternative would be to insert a solid electrolyte within the porosity of the electrode upon 

electrode manufacturing. 

The previous chapter was dealing with the improvement of the positive electrode material 

developed in the NCE laboratory, i.e. lithium cobalt oxide functionnalised with titanium 

dioxide (LCOTiO2), in order to build a solid state battery. To do so, a solid state electrolyte, 

lanthanum-lithium-zirconate oxide (Li7La3Zr2O12, LLZO), was added to the positive electrode 

material (30 wt.%). The obtained electrode was characerised in Li-metal battery configuration 

using a conventional liquid electrolyte. The results have shown interesting properties of the 

battery when LLZO was added such as cycling at high rate (10 C) while keeping a significant 

fraction of the LCO original capacity.  

The next and last step of the research was to replace the liquid electrolyte by a solid or semi-

solid electrolyte. Indeed, the main objective of the EnSO project aims to develop a shapeable 
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and flexible Li-metal microbattery free from leakage issues as presented in Figure 5.1. In the 

framework of the present study, the introduction of a gel polymer electrolyte, i.e. a polymer 

filled with a liquide electrolyte, was selected. 

 

 

Figure 5.1. EnSO state-of-the-art microbattery on glass substrate. 

 

Various polymer hosts such as polyvinylidene fluoride (PVdF) [3] in conjunction with lithium 

hexafluorophosphate (LiPF6) as liquid electrolyte have been found to form GPEs with ionic 

conductivities ranging between 10-4 and 10-3 S cm-1 at 20 °C [4–6]. These values are however 

low compared to liquid electrolytes (typically, 10-1-10- 2 S cm-1). The addition of a copolymer 

such as hexafluoropropylene (HFP) to PVdF have improved the gel properties. Indeed, PVdF-

HFP in the gel showed greater solubility for organic solvents and lower crystallinity [4, 7]. 

Moreover, the addition of ceramic materials such as zeolites (Na12[Al12Si12O48]) and alumina 

(Al2O3) to gel polymer systems have shown an increase of stability at the lithium metal 

interface [4, 8]. GPE, a polymer matrix in which the lithium ion conducting organic solution 

remained trapped, was first demonstrated to be an efficient electrolyte by Feuillade and 

Perche [3]. Such materials have shown ionic conductivities close to that of the liquid 

electrolyte (10-1-10-2 S cm- 1). During the EnSO projet a senior researcher has optimised the 

GPE system using phyllosilicate clay to increase the stability at the lithium metal interface 

[10]. 

The objective in the present chapter was to study the performances of the positive electrode 

LCOTiO2+LLZO 30 wt.% developped in Chapter 4, with the GPE system reinforced by the 

senior researcher. The positive electrode was assembled into a coin cell with a Li-metal foil as 

negative electrode and the optimised GPE as electrolyte and separator. The complete set-up 

was characterised by cyclic voltammetry (CV), galvanostatic cyclic with potential limitation 
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(GCPL). The results shows that the positive electrode LCO coating was improved using 

30 wt.% LLZO, and was suitable for solid-state microbattery. 

 Experimental  

 Preparation of LCOTiO2 and LLZO suspension 

As mentioned in Chapter 4 (sections 4.2.2.2 and 4.2.3.3), the LCOTiO2 suspension in ethanol 

was prepared using a commercial grade LCO. The powder was ground per 6.0 g in a stainless 

steel jar with 100 g of stainless steel beads (3 mm diameter) using a Fritsch pulverisette 6 

planetary mill. The grinding was performed for 20 cycles at 450 rpm for 5 min and 5 min 

pause by cycle. After grinding, the sample was calcined at 700 °C at a rate of 10 °C min-1 

under flowing air (0.1 mmol s-1) and the temperature was maintained for 2.5 h. 

The LCO powder was then functionalised with titanium dioxide (TiO2, ~1.5 wt.%) using a 

process developed and patented by a senior researcher of the laboratory [9]. To do so, two 

solutions were prepared at room temperature. The first solution (S1), was obtained by mixing 

38 mL of titanium (IV) isopropoxide (Sigma Aldrich, 97%) and 206 mL of 2-methoxyethanol 

(Sigma Aldrich, 99.9%) for 1 h. The second solution (S2) was prepared by adding 5.2 mL of 

deionised water to 206 mL of 2-methoxyethanol; the solution was mixed for 1 h as well. 

Under high stirring (450 rpm), 6 g of the ground LCO powder was dispersed in 

methoxyethanol at 60 °C. When the temperature was stable, 1.55 mL of the S1 was added to 

the suspension. After 3 h of stirring, 1.55 mL of S2 was added to the previous mix and stirred 

at 60 °C for 16 h in a closed vial. The solvent was then evaporated using rotary evaporator 

and the resulting LCO functionalised with TiO2 (LCOTiO2) was further dried at 150 °C at 2000 

Pa for 16 h.  

 

 Electrode preparation 

The chosen current collectors were stainless steel (SS) 304 discs (1.88 cm² area and 0.5 mm 

thick). 

  LLZO 

As presented in Chapter 4 (section 4.2.3.1), pure LLZO powder was sprayed onto stainless 

steel discs in order to test its stability. To do so, a 10 g L-1 solution was sprayed onto the 

stainless steel discs heated at 40 °C using a Fuso Seiki Lumina STS-10 spray gun mounted on 
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a robotised arm. A circulation pump was used in order to avoid at best the powder 

precipitation in the spray gun. The discs were weighted before and after deposition to ensure a 

homogeneous deposition of the LLZO. 

 

  LCO with LLZO 

The positive electrode was prepared by spraying a suspension of LCOTiO2 onto a current 

collector. The suspension was prepared by adding 20 g of the above-obtained LCOTiO2 to 1 L 

of ethanol. The mix was first stirred at 450 rpm for 1 h and left in an ultrasonicated bath for 

16 h. The solid excess was then separated from the suspension after 3 h of decanting. The 

concentration of the resulting suspension was determined by taking 3 mL from the LCOTiO2 

suspension; these 3 mL were placed in a vial and dried at 120 °C for 1 h. The solid mass was 

then determined by weighting. This operation was repeated three times for reproducibility. 

The mass concentration of the suspension was ~10 g L-1.  

To spray 10 mg of cathode material (LCOTiO2) on the SS disc, 500 mL of the LCOTiO2 

suspension were needed. To the LCOTiO2 suspension, LLZO powder was added so that the 

LLZO mass fraction (on dry basis) was 30 wt.%. The suspension was stirred vigorously for 

5 h.  

Before spraying, the stainless steel discs were weighted and fixed onto a larger support so that 

they did not move during the spray process. The suspension under stirring was then sprayed at 

room temperature onto stainless steel discs in order to obtain 10 mg of active material 

(LCOTiO2) per disc. The deposition resulted in positive electrode material; 12 samples were 

prepared from the mixed LCOTiO2 and LLZO suspension.   

After spraying, the electrodes were heated at 350 °C at 10 °C min-1 rate under air and the 

temperature was maintained for 1 h. Samples were then left to cool to room temperature. 

 

 Synthesis and deposition of gel polymer electrolyte 

The synthesis and deposition of the GPE presented here was performed by a senior researcher 

of the project. The results of this work have been submitted for publication [10]. The GPE 

was made of a PVDF-HFP as a polymer, a clay to strengthen the GPE structure, and lithium 

ions contained in the liquid electrolyte which impregnates the polymer. 
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First, the selected clay, i.e. montmorillonite (Na+-MMt, Cloisite BYK-Southern Clay products 

Inc.), was modified by a lithiation process in order to increase its ionic conductivity [11, 12]. 

The ion-exchanged Li-MMT clays were prepared by cation exchange between the sodium 

cations of the montmorillonite clay platelets and lithium cations. 30 g of Na-MMT were 

dispersed in 3 L of distilled water with 60 g of lithium nitrate (LiNO3, Honeywell, > 98%). 

The solution was stirred for two days at 50 °C in order to exchange the cations and then 

centrifuged to separate the Li-MMT clay from the supernatant containing the excess ions. To 

purify the clay, Li-MMt was re-dispersed in distilled water (3 L) and centrifuged once again. 

The modified clay was then dried under vacuum at 80 °C during one night [13, 14].  

Second, lithium bis(fluorosulfonyl)imide (LiFSI, Suzhou Fluolyte Co, > 99%) was dissolved 

in N-propyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide (PYR13FSI, Solvionic, 99%) 

with a molar ration of 1.1:1 and homogenised under high stirring for 1 h. Then, the polymer 

matrix, made of 1.2 g of poly(vinylidene) fluoride-hexafluoropropylene (PVDF-HFP SOLEF 

21216, supplied by Solvay) and 1.68 g clay were mixed with 4.8 mL of electrolyte mixture 

(LiFSI + PYR13FSI) in 90 mL of acetone (VWR, NORMAPUR, > 99.8%). 

The GPE was deposited by spray (using a Nordson EFD-781S nozzle mounted on a 

homemade robot) directly onto LCOTiO2 and LCOTiO2/LLZO positive electrode heated at 80 

°C. The GPE was deposited by alternating spray deposition and drying steps (20 s). These 

steps were repeated until a deposited mass of about 40 mg cm-2 was achieved, which 

corresponds to about 80 to 100 deposition steps. At the end of the process, the coatings with 

GPE were dried under vacuum at 45 °C overnight. The obtained membrane thickness was 

comprised between 250 and 300 µm.  

 

 Characterisation set-up 

The electrodes covered by GPE coatings were then introduced into a coin cell for 

electrochemical characterisation. The coin cells (CR2032) were placed in a glove box filled 

with argon (MBraun 200B). In order to check for the compatibility with the GPE, LLZO 

alone was also characterised in the same system. 

  LLZO characterisation set-up 

An LLZO coating was included into a coin cell as mentioned in Chapter 4 (section 4.2.4.1). 

The stability of the LLZO was checked using cyclic voltammetry (CV multichannel Bio-
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Logic VMP3) in the range of 3.0-4.2 V vs. Li+/Li at 0.1 mV s- 1 rate (10 cycles) at room 

temperature. The CV measurements were performed in the same electrochemical window as 

in the case of a classical Li metal battery. All measurements were done outside the glovebox. 

 LCOTiO2 + LLZO characterisation set-up 

The LCOTiO2 + 30 wt.% LLZO with the GPE coated on top was at the positive side and 

lithium foil was at the negative side; no separators were added since the GPE is assumed to 

play that role. A spacer and a spring were added to spread the pressure. Finally, the positive 

case was added and the coin cell was closed using a hydraulic crimper (MSK 110, MTI). All 

measurements were done outside the glovebox. 

 

Figure 5.2. Characterisation set-up of LCOTiO2 + 30 wt.% LLZO using GPE. 

 

 Electrochemical characterisation  

The electrochemical characterisations were performed at room temperature, outside the 

glovebox. Cyclic voltammetry (CV) of LCOTiO2 + 30 wt.% LLZO with GPE were conducted 

for 10 cycles using a multichannel Bio-Logic VMP3 potentiostat. The CVs were measured at 

0.1 mV s-1 scan rate between 3.0 and 4.2 V vs Li+/Li. 

The coin cells were characterised using galvanostatic cycling with potential limitation 

(GCPL) between 3.0 and 4.2 V vs. Li+/Li at 1 C rates for 100 cycles (GCPL on multichannel 

Bio-Logic VMP3). 1 C corresponds to 1 h of charge and 1 h of discharge. GCPL is a common 
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technique used to define the capacity of the battery and to check its stability as a function of 

the number of charge and discharge cycles. Due to temperature variation, the GCPL 

characterisation was then reproduced into a climate chamber with a temperature fixed at 

25 °C. 

 

 Results and discussion 

In Chapter 4, the open porosity of the obtained electrodes, with and without LLZO, was 

measured using the Archimedes’ method. The open porosity of pure LCOTiO2 coating was 

about 55%. In the case of the composite containing 30 wt.% of LLZO, the open porosity was 

decreased down to 40%. Moreover, the electrochemical performances of the mixed cathode 

material containing 30 wt.% of LLZO allowed the battery system tested with liquid 

electrolyte to better handle high rate cycling charge and discharge (7C and 10C). This 

previous result (section 4.3.4.4) encouraged us to characterise the mixed cathode material 

with GPE. GPE was sprayed directly onto the positive electrode material (LCOTiO2 containing 

30 wt.% LLZO) and directly included into a coin cell for characterisation as quasi solid-state 

battery. All capacities are reported per mass unit of LCO present in the electrode. The battery 

was analysed for one cycle of charge/discharge at C/2 rate between 4.2 and 3.0 V vs. Li+/Li as 

presented in Figure 5.3a. The charging curve reaches 4.2 V vs. Li+/Li with a capacity of 60 

mAh g-1, which is lower than the theoretical capacity of LCO (140 mAh g-1) using liquid 

electrolyte (LiPF6). The discharging curve reaches 3 V showing a capacity of 80 mAh g-1. The 

battery was also characterised using cyclic voltammetry (CV) (Figure 5.3b) and galvanostatic 

cycling with potential limitation (GCPL) (Figure 5.3).  

During CV, the potential range of the battery is varied at a specific rate, in order to detect the 

current of the electrochemical reaction (oxidation/reduction) of the cathode material. Figure 

5.3b shows the cyclic voltamogram of the quasi solid state battery measured at 0.1 mV s-1 

between 3.0 and 4.2 V vs. Li+/Li for 10 cycles. The large oxidation peak from ~3.90 to 4.20 V 

vs. Li+/Li corresponds to the transition from monoclinic to hexagonal crystalline phase of 

LCO [15]. This transition phase can be associated to the de-intercalation of lithium from 

LCO. The maximum current achieved in the first cycle decreases in the following cycles and 

seems to stabilise starting from the fifth cycle. In the first cycle, three reduction peaks (at 

4.05, 3.85 and 3.60 V vs. Li+/Li) can be distinguished. The first two reduction peaks are 

related to Li+ insertion into LCO, confirming reversible cycling. The attribution of the third 
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peak is unknown and might be due to side reactions. The oxidation peak at 4.05 V vs. Li+/Li is 

shifted between the 5th and 10th cycle to an approximately 0.2 V higher potential. The same 

behaviour is observed for the reduction peaks that are shifted to an approximately 0.01 V 

higher potential.  

 

 

Figure 5.3. Characterisation of Li/GPE/LCOTiO2+LLZO cell. (a) First cycle of (▬) 

disinsertion and (▬) insertion of Li+. (b) CV measurements at 0.1 mV s-1 between 3.0 and 4.2 

V vs. Li+/Li; (▬) 1st cycle, (▬) 5th cycle and (▬) 10th cycle All capacities are reported per 

mass unit of LCO present in the electrode. 

 

Figure 5.4a and b respectively show the galvanostatic cycling with potential limitation 

(GCPL) of batteries using LCOTiO2 and LCOTiO2 + 30 wt.% LLZO as positive electrode 

material, performed at C-rate between 3.0 and 4.2 V vs. Li+/Li. 100 cycles were performed at 

room temperature. When LCOTiO2 is used with the GPE, the battery loses 90% of its capacity, 

as shown in Figure 5.4a and last for only 10 cycles. The addition of LLZO drastically 

improves the performances of the battery. The charging and discharging curves oscillate 

between 60 mAh g-1 and 80 mAh g-1 for 100 cycles. Those oscillations can be due to the 

temperature variation of the room, which is the reason why the experiment was reproduced in 

a climate chamber at 25 °C, as presented in Figure 5.5. 
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Figure 5.4. GCPL characterisation at 1C between 3.0 and 4.2 V vs. Li+/Li at room 

temperature showing (⚫) charging and (⚫) discharging curve. (a) LCOTiO2 with GPE as 

electrolyte; (b) LCOTiO2+ LLZO (30 wt.% LLZO) with GPE as electrolyte. All capacities are 

reported per mass unit of LCO present in the electrode. 

 

Figure 5.5a presents the galvanostatic cycling of the mixed cathode material (LCOTiO2+ 30 

wt.% LLZO) characterised with the GPE in the climate chamber (temperature fixed at 25 °C). 

Figure 5.5b shows the comparison of that result with those obtained for the mixed cathode 

material (LCOTiO2+ 30 wt.% LLZO) using liquid electrolyte (results extracted from Chapter 4, 

section 4.3.4.4.). The initial capacity of the battery with GPE is about 135 mAh g-1 and is 

rather constant over cycling (i.e. comprised between 130 and 150 mAh g-1 without obvious 

degradation). However, the charging capacity shows high current leakage over cycles 

probably due to short-circuits. These short-circuits are probably related to connection issues 

during the battery assembly as presented in the last chapter, or to internal short-circuits due to 

the use of GPE as separator. Further experimental improvements should be done to get rid of 

any contact problems. The results show however that the battery works better when LLZO is 

added to the LCOTiO2 coatings, and that GPE can be used as an electrolyte, as an alternative to 

the classical liquid one. These results finally demonstrate the feasibility of the 

LCO+LLZO+GPE concept, which encourage further studies in the same direction. 
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Figure 5.5. Reproduction of GCPL of LCOTiO2 + 30 wt.% LLZO film with GPE, 

characterised at 1C between 3.0 and 4.2 V vs. Li+/Li in climate chamber (25 °C). (a) Figure 

showing (⚫) charging and (⚫) discharging curve; (b) Comparison of discharging curve of 

LCOTiO2 + LLZO 30% electrodes characterised with (⚫) GPE and (×) liquid electrolyte 

(extracted from Chapter 4, section 4.3.4.4). All capacities are reported per mass unit of LCO 

present in the electrode. 

 

 Conclusion 

The main objective of using GPE in the EnSO project was to be able, in the long-term, to 

build a flexible, full solid-state battery. To do so, a gel polymer electrolyte (GPE) was 

developed in the NCE laboratory by a senior researcher. In a next step, the use of this GPE in 

conjunction with the LCOTiO2/LLZO electrodes developed in Chapter 4 was envisaged. So, 

positive electrodes containing LCOTiO2 mixed with LLZO as ionic conductor were covered 

with GPE, used as both electrolyte and separator. The electrodes were characterised using 

metal Li as negative electrode. Experiments were performed in coin cells as a preliminary step 

towards flexible batteries. 

As reference, the GPE was sprayed directly on the LCOTiO2 cathode material (without LLZO); 

during characterisation, the battery was quickly losing its capacity. This capacity loss was 

probably due to the 50-60% open porosity within the cathode coating, that were not filled 

with any electrolyte. On the contrary, the optimised LCOTiO2/LLZO cathode material 

presented in Chapter 4 have shown interesting properties of the battery system using GPE as 

electrolyte. The battery with LCOTiO2/LLZO/GPE system displayed performances close to 

that obtained using liquid electrolyte, as performed in Chapter 4. The addition of LLZO on the 

cathode coating clearly improves the battery performances; however, high current leakage 
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was observed during charging. Those current leakages are probably due either battery 

assembly issues and can certainly be solved technically.  

As perspective, the battery system must now be tested in a flexible set-up. To that aim, 

collaboration with laboratories able to produce flexible packaging is currently on tracks and 

should lead to a final all-solid-state battery with fast charge/discharge rate capability. 
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General conclusion and perspectives 

 

The actual market of smart objects, i.e. devices interconnected through the Internet, is 

evolving very fast in multiple fields of application. These smart objects are getting smaller 

and smaller and include more and more functionalities, whose integration requires energy to 

keep the systems autonomous. Therefore, the need for Autonomous Micro Energy Sources 

(AMES) is growing. The development of self-powered systems, comprising both an energy 

harvester and an energy storage device, can be a way to solve the energy issue. In that 

perspective, the European EnSO project aimed at developing new AMES to be incorporated 

in end-users’ products.  

Among the 35 partners, the NCE laboratory was in charge of (i) the development of 

piezoelectric materials, i.e. zinc oxide nanowires (ZnO NWs), for energy harvester and (ii) the 

development of components for rechargeable Li-metal microbatteries, i.e. LiCoO2-based 

electrodes and solid electrolyte. Within this framework, the present PhD work was focused on 

the development of thin films for both applications. Thus, the thesis work was divided into 

two distinct parts: (i) the study of the growth of ZnO NWs on seeded substrate, followed by 

an optimisation of the seed layer and (ii) the development of LiCoO2 electrodes comprising an 

inorganic solid electrolyte (low temperature cubic Li7La3Zr2O12, LLZO). 

 

ZnO nanowires for piezoelectric generators 

ZnO NWs were grown using a mixed sol-gel process comprising (i) seeding of the substrate 

with ZnO nanocrystals followed by (ii) growth using chemical bath deposition (CBD). The 

main goal of the first part was to study the process of the ZnO NW growth in order to achieve 

a growth rate of 20 nm min-1, compatible with industrial scale-up, and to improve the 

orientation of the seed layer in order to grow well-aligned individual NWs, perpendicular to 

the substrate. To do so, the key variables of the CBD process such as the temperature, pH and 

zinc ion concentration were monitored to (i) highlight their impact on the length and diameter 

of the NWs and (ii) identify the conditions under which the growth rate was maximum. From 

that study, detailed in Chapter 1, it was possible to define the maximum growth phase. The 

maximum growth speed was about 70 nm min-1, which is suitable for a scaling-up of the 

process. This maximum growth was obtained when the temperature was stabilised at ~80 °C 

and pH at ~9.5. It was however difficult to obtain reproducible results due to temperature 

variation from one synthesis to the other. To solve that problem, a dual-wall system where 
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water is heated at 90 °C and circulates constantly was built and tested, which helped 

decreasing variations. However, it is clear that temperature control is critical in the process. In 

this work the main objective was to synthesis ZnO NWs in a view of industrial level 

manufacturing. For the NW growth, we have managed to develop a system where the 

temperature is controlled homogeneously from one synthesis to the other. As a perspective 

work, recirculation or stirring device might be an option to homogenise the concentration of 

reagents in the medium and stabilise the system at its maximum growth. Moreover, a 

continuous growth process may be an option for possible scaling up of the growth process.  

It was also noticed that, in many cases, the obtained NWs were not perpendicular to the 

substrate, which was certainly due to the heterogeneity of the seed layer, which in Chapter 1 

consisted in the deposition of a precursor solution using spin-coating followed by a 

calcination step at 350 °C (20 min). As the seed layer has a strong influence on the orientation 

of the NWs, its optimisation was envisaged in Chapter 2. Spin and dip-coating methods were 

first studied for the deposition of the seed layer. The work carried out has shown that spin-

coating does not always result in homogeneous seed layer: in particular, it is certainly 

necessary to filtrate the seed suspension, which is time-consuming; in addition, spin-coating is 

not much adapted to large-scale applications. Therefore, dip-coating was further selected in 

order to improve the quality of the seed layer; further, the impact of thermal post-treatments 

of the seed on the final ZnO NWs was studied. The use of dip-coating deposition led to a 

well-oriented and well-crystallised seed layer, perpendicular to substrate surface, when a 

double calcination at 350 °C (20 min) with cooling in-between was performed. In parallel, the 

NW growth was optimised by one of the senior researchers of the NCE laboratory (Dr 

Christelle Alié): a mix of zinc sulfate and zinc nitrate precursors was used, which led to well-

oriented and spaced ZnO NWs. Team work made it possible to obtain well aligned and 

isolated NWs using a low temperature process. As a future work, the optimised NW process 

should be deposited on a flexible substrate. The homogeneity and adhesion of the coating 

must be characterised, and the optimised NWs array included into a nanogenerator to be 

characterised. 

In Chapter 3, piezoelectric nanogenerators were built as an example of application. This part, 

based on the global team work, was performed by the senior researcher of the NCE laboratory 

involved in the same topic (Dr Christelle Alié) in collaboration with the Greman laboratory in 

Tours (France). It showed that the defects in the crystalline structure, which are very 

numerous after the CBD growth process, have a very strong impact on the nanogenerator 

performance. The next step consisted thus on the reduction of the concentration of the defects 
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in the crystalline structure of the NWs by calcination at 260 °C after growth. This post-

treatment led to a maximum power average value of 121 nW instead of 37 nW without post-

treatment. It must be pointed out that the results were quite scattered: it is very difficult to 

obtain reproducible measurements for piezoelectric nanogenerators due to the number of 

successive steps, from the seed deposition to the piezoelectric generator characterisation. 

Nevertheless, the results show that the manufacturing of piezoelectric nanogenerators from 

CBD-grown ZnO NWs is feasible. Due to a lack of time, the NWs obtained with the 

optimised process were not characterised in terms of defect concentration and the 

nanogenerators performances were not tested. It would be interesting to test the nanogenerator 

performances of the optimised seed combined with mixed growth process with and without 

the post-treatment. In order to improve the results, the reproducibility of the seed layer and the 

NW growth should be checked. Also, the nanogenerator assembly should be optimised by 

working on the influence of the thickness of the insulating layer for example. 

As one of the major research topics of the NCE laboratory is photocatalysis, a first trial of 

measurement of the photocatalytic activity of ZnO NWs was also presented in Chapter 3. The 

photocatalytic activity of ZnO NWs was performed by monitoring the degradation of H2O2 as 

a function of time. The work highlighted that the photocatalyst activity of the samples much 

probably depends on the accessible surface area of the ZnO NWs, i.e. on the array density. 

This in turn strongly depends on the calcination temperature of the seed layer, which impacts 

the final diameter and degree of separation of the NWs. Indeed, the reaction rate per gram of 

ZnO was maximum for seed layers calcined at 200 °C corresponding to final NWs with the 

lowest apparent density. This shows that the structure of the NWs has to be carefully chosen 

for the given application. 

The different processes developed in this work made it possible to synthesised well-oriented 

and spaced NWs. However, the CBD growth process does not seem fully adapted to industrial 

scale as it is not reproducible and gives rise to defect on the crystalline structure. CBD should 

be compared to other NW low temperature growth processes such as hydrothermal deposition, 

which consist in the growth of the NWs at a temperature below 100 °C. 

 

Electrodes for Li-metal microbatteries  

The second part of the thesis was dedicated to the modification of LiCoO2 (LCO) coatings to 

develop positive electrodes for all-solid Li-metal microbatteries. LCO coatings on suitable 

substrates had been previously obtained by a second senior researcher of the NCE laboratory 

(Dr Carlos Páez) using spray-coating. The porosity of the LCO electrode coating was about 
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50-60%. This porosity is not a problem as long as liquid electrolyte is used in the battery since 

the electrolyte impregnates the voids between the LCO particles and allows for easy Li+ 

transfer. However, when a solid or gel polymer electrolyte is used, the performances of the 

microbattery decrease very fast due to a lack of contact between LCO and the electrolyte 

since, in that case, the electrolyte deposited on top of the coating does not infiltrate the 

porosity of the layer. The main goal of this second part was to modify the coating, so that it us 

suitable to build a solid-state microbattery.  

In Chapter 4, a nanostructured material, synthesised by a sol-gel method, was chosen in order 

to increase the performances of the positive electrode material: low temperature cubic 

Li7La3Zr2O12 (LLZO). This material presents a good ionic conductivity (10-6 S cm-1). The 

objective was to prepare nanoparticles about 50-100 nm in size, so that they can be inserted 

into the porosity of the LCO and increase the performances of the electrode material by 

increasing the Li+ conductivity. Different amounts of LLZO were introduced into the LCO 

suspension before spraying. The mixture of the two materials in ethanol was stable and could 

be deposited by spray-coating onto the current collector. The electrode coating was 

characterised by environmental scanning electron microscopy (ESEM) combined with EDX 

analysis. The images showed that, at the surface of the cathode, the LLZO particles seem to 

be well-distributed. The LLZO/LCO electrode was then included into a battery set-up and 

first tested with liquid electrolyte to check that no side-reaction happened and that the 

presence of LLZO did not alter the LCO properties. The electrochemical characterisation 

showed that the addition of LLZO had no impact on the electrochemical properties of the 

LCO, as the capacity of the obtained electrode (~137 mAh g- 1) was close to the theoretical 

value of LCO (140 mAh g-1). Moreover, electrochemical characterisations have shown that 

the addition of 30 wt.% of LLZO into the LCO suspension enabled the positive electrode 

material to withstand the stress imposed by rapid charge and discharge cycles. The synthesis 

of low temperature cubic LLZO needs to be further studied as well as the microstructure 

(grain size, density) to achieve reproducible material. Moreover, the LLZO is moisture-

sensitive, which requires to work in a dry atmosphere. The introduction of the LLZO solid 

electrolyte powder, into the LCO coating, has improved the electrochemical performances of 

the positive electrode. However, a deeper understanding of the conduction mechanism of 

LLZO in the coating using electrochemical impedance spectroscopy is of great importance. 

Finally, the spray deposition process should be optimised (speed, spraying height) in order to 

obtain a homogeneous amount of material on the substrate. 
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Chapter 5 consisted in the next logical step: as the results were quite promising, the positive 

electrode material was combined with a gel polymer electrolyte (GPE) synthesised by a third 

senior researcher of the laboratory (Ir. Cédric Calberg). The GPE was deposited on top of the 

LCO/LLZO electrode with the best composition, as determined in Chapter 4. Results showed 

that the final electrode could reach a capacity of (100 mAh g-1) with good stability at low 

cycling rate, and sustain cycling speeds up to 10 C while still keeping 75% of its nominal 

capacity. This demonstrates that the manufacture of all-solid state microbatteries from the 

LCO/LLZO coatings presented here is feasible. Note however that some issues were 

encountered regarding the cell assembly: while the discharge capacity values of the electrodes 

were normal and stable, very high and erratic charging capacities were recorded. This is 

certainly due to problems of contacts in the cells that can be corrected by improving the cell 

assembly process. Note also that, due to time constraints, it was not possible to reproduce the 

experiments and to correct those technical problems; this will be the next step if the work can 

be continued. Finally, the LCO/LLZO electrode should be deposited on the substrate from 

CEA in order to be tested as a microbattery. This modification of substrate may have an 

influence on the adhesion and, therefore, on the homogeneity of the coating. The deposition 

procedure should be then studied and adapted in order to obtain a homogeneous coating. 

Finally, electrochemical characterisation should be performed on the final microbattery set-up 

to assess its global performance. 
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